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ABSTRACT
USE OF THE GREEN MICROALGA MONORAPHIDIUM SP. DEK19 TO REMEDIATE
WASTEWATER: SALINITY STRESS AND SCALING TO MESOCOSM CULTURES
Anthony Robert Kephart, M.S.
Department of Biological Sciences
Northern Illinois University, 2016
Gabriel Holbrook, Director

The purpose of this thesis was to investigate the growth of the green microalga
Monoraphidium sp. Dek19 in the context of phycoremediation under conditions representative of
wastewater media of a Midwest wastewater treatment facility. Microalgae were grown in
effluent collected from four different wastewater streams at the DeKalb Sanitary District (DSD),
DeKalb, Illinois, USA in volumes from 1 L to 380 L. It was determined through preliminary
modeling of public data that Monoraphidium sp. Dek19 will likely outcompete local
heterospecifics in final effluent wastewaters at the DSD 51.8% of the year. It was also
determined that neither nitrogen nor phosphorus should become a limiting nutrient throughout
the year. Study of the response of Monoraphidium sp. Dek19 to salinity stress was also
completed. Salt stress caused a significant increase in lipid accumulation in salt stressed cultures
compared to control cultures (37.0-50.5% increase) with a reduction in biomass productivity.
Increases in photosynthetic pigments per cell were seen under salt stress, though the ratio of
chlorophyll a and b remained constant. Finally, nitrate uptake was not greatly affected by
salinity stress except when biomass accumulation became a corollary for uptake (nitrogen
saturation). Luxury uptake of phosphate was significantly affected by wastewater salinity
(p<0.001). High sodium potentially interrupts phosphate stress response proteins, slowing
internalization of phosphate. Phosphate removal was still possible as some protein binding
proteins appear to operate independent of sodium. The effect of indole-3-acetic acid on

regulation of cell division in Monoraphidium sp. Dek19 was evaluated at a range of
concentrations and no significant differences were observed. A comparison of Monoraphidium
sp. Dek19 growth in activated sludge, post-primary filtration, and two final wastewater streams
revealed a minimum effect of biotic stressors. The microalgae also grew readily in all
wastewaters, though initial population density demands are likely different for each effluent type.
Monoraphidium sp. Dek19 grown at large scale revealed light availability as more important
than other factors even when compared to large temperature changes (10-25 °C). Low-light
growth tanks (380 L) showed significantly reduced specific growth rate though microalgae
population tripled after three weeks. Dried algal tissue from 380 L tanks was extracted and used
to determine neutral lipid accumulation at 6.64±0.08%. Fatty acid content was analyzed by GCFID and found high amounts of unsaturated 18 carbon chains (18:2-18:4), more than previously
shown. A comparison of oil from cells growing in 380 L and 1 L cultures showed culturing
condition affected fatty acid profile. It was concluded from these data that Monoraphidium sp.
Dek19 could be a useful phycoremediation tool of municipal wastewater in the upper Midwest.
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INTRODUCTION
Taxonomy, Morphology, and Habitat of Monoraphidium sp. Dek19
The experiments detailed in this report made use of specific species of microalgae with
distinct morphologies, evolutionary histories, and life history traits. The taxon most intensively
investigated was the recently isolated unicellular species Monoraphidium sp. Dek19. The Dek19
isolate is a freshwater, green microalga native to Illinois and first described in Holbrook et al.
(2014) and identified via 18S rRNA sequencing. The species is one of 50 described members of
the Monoraphidium genus which includes many others targeted for their phycoremediation
capacity and potential for biofuel production such as Monoraphidium neglectum (Bogen et al.,
2013a), Monoraphidium FXY-10 (Huang et al., 2013), Monoraphidium dybowskii LB50 (Yang,
He, Rong, Xia, & Hu, 2014), and Monoraphidium minutum (Patidar, Mitra, George, Soundarya,
& Mishra, 2014). The Monoraphidium genus is found within the family Selenastraceae which
also contains the genera Ankistrodesmus, and Kirchneriella. Members of both Ankistrodesmus
and Kirchneriella have also been selected for phycoremediation and biofuels research. Figure 1
shows Monoraphidium sp. Dek19 with other members of Selenastraceae in a phylogenetic tree
generated with data gathered from the National Center for Biotechnology Information (NCBI)
and created in Interactive Tree of Life (iTOL). The family has received enough attention to
garner meta-analyses and reports on its potential as feedstocks for biofuel and tools for
phycoremediation of wastewaters (Krienitz, Ustinova, Friedl, & Huss, 2001; Yee, 2016).
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Figure 1. Phylogenetic tree of the family Selenastraceae generated from NCBI using iTOL
highlighting Monoraphidium sp. Dek19 (left, bolded). Species Dek19 is one of 50 described
species of Monoraphidium, including others targeted for phycoremediation and biofuels (e.g. M.
neglectum, M. sp. FXY-10, M. sp. Itas 9/21 14-6w). This figure solely represents abundance and
identity of related taxa and does not show evolutionary distance.
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Morphometrically speaking, Monoraphidium sp. Dek19 cells are described as two cones with
conjoined bases similar to other members of Monoraphidium and Selenastraceae (Olenina,
2006). Microalgae are by definition microscopic and may be anywhere from a few microns (e.g.
Chlorella, or Nanochloropsis) to a few hundred micrometers (e.g. Ankistrodesmus).
Monoraphidium sp. Dek19 cells are elongate and needle-like, 70-90 μm in length and 2-4 μm in
width at the midpoint. These factors give Monoraphidium sp. Dek19 an approximate calculated
cell volume range of 73-376 μm3, similar to other members of the genus (Olenina, 2006).
Intracellularly, Monoraphidium sp. Dek19 appears to have a single, large, parietal chloroplast
containing one or more pyrenoids (Komárková-Legnerová, 1969). The chloroplast seems to be
evenly spread through the cellular space but may be dependent on localization of vesicles and
lipid droplets (Krienitz et al., 2001). Lipid bodies or droplets themselves also seem
independently localized in the cytoplasm as revealed by fluorescent staining (Personal Obs.; see
Figure 27). Monoraphidium sp. Dek19 is thought to be primarily autosporic, similar to other
members of Selenastraceae. Arrangement of autospores within Monoraphidium mother cells
have been described as organized serially, similar to Kirchneriella yet in contrast to
Ankistrodesmus (Krienitz et al., 2001).
Monoraphidium sp. Dek19 is a cool temperature and low light tolerant species capable of out
competing native heterospecifics in these conditions given sufficient time and population density
(Holbrook et al., 2014; Kirchner, 2015). The alga has been shown to be prolific when grown in
municipal wastewaters, rapidly sequestering nutrients and attaining high population densities
despite numerous differences, both abiotic and biotic, from local freshwater sources. As a
microalga targeted for its phycoremediation capacity, cells will likely be grown outdoors in
large, non-sterile environments and therefore a species’ competitiveness is important to
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investigate in all relevant conditions. For instance, despite an ability to dominate consortium
cultures at low temperatures, the likelihood of succession of Monoraphidium sp. Dek19 to some
heterospecific green microalgae increases at higher temperatures (20-25 °C) (Kirchner, 2015).
However, as regular temperatures in the Midwest are often frigid for a large portion of the year,
the success of Monoraphidium sp. Dek19 in consortium is probable for the winter months. Noncompetitive biotic stressors in the forms of planktonic predators and parasites are also of
concern. Smaller zooplankton like rotifers and larger species such as Daphnia are ubiquitous in
freshwaters and find great success in municipal wastewaters where high concentrations of
chemical nutrients allow for the rapid growth of prey organisms. High number of zooplankton
raise the issue of the palatability of microalgae to predators, a topic often overlooked when
phycoremediation is investigated. Beyond biological and physical considerations, chemical
stressors inherent to wastewater may confound an algal species’ ability to remediate wastewater.
An example investigated here is the effect of salinity on nutrient uptake in cells, where sodium
and chloride ions may muddle transport pathways and reduce growth rate.
Nutrient Requirements and Usage in Microalgae
Nitrogen, phosphorus, iron, zinc, manganese, copper, and cobalt will all be taken up by algal
biomass when available in appropriate concentrations (Barsanti & Gualtieri, 2014). Of these,
nitrogen (N) and phosphorus (P) uptake are of particular interest for removal as their
concentrations are often far above those in the local watershed, and are known to be a cause of
cultural eutrophication (Renuka, Sood, Ratha, Prasanna, & Ahluwalia, 2013). Cultural
eutrophication is the wild growth of autotrophic organisms when normally growth-limiting
nutrients suddenly become available in abundance. Availability of excess nutrients may cause
algal blooms which can be harmful or deadly depending on species. When algae die off decay
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and aerobic digestion of algal biomass by bacteria leads to anoxic water conditions. Anoxia will
result in the death of aerobic organism of all trophic levels. Though both may be limiting
compounds in freshwater aquatic systems, phosphorus has been acknowledged as the more
commonly limiting nutrient for freshwater organisms and thus is more likely to cause damage
when in excess (Barsanti & Gualtieri, 2014; Li & Brett, 2015; Schindler, 1977; Whitton, 2012).
For chemical forms of nitrogen, urea, dissolved organic nitrogen, nitrate (NO3-), nitrite
(NO2-), and ammonium (NH4+) are all readily used by microalgae (visualized in Figure 2).
Ammonium however is preferred when in non-toxic (<25 μM) concentrations as use in anabolic
processes does not require prior reduction (Barsanti & Gualtieri, 2014). Nitrogen is used by
microalgae to produce protein, chlorophyll, nitrogenous bases for nucleic acids, and signaling
molecules among others. Nitrogen assimilation in algae involves the reduction of nitrate
catalyzed by nitrate reductase to nitrite and the reduction of nitrite to ammonium likewise by
nitrite reductase. When present as ammonium, either through initial absorption of the chemical
species or by creation through enzymatic activity, conversion to the organic form (glutamate)
occurs in one of two ways. One pathway involves glutamate dehydrogenase reducing
ketoglutaric acid by amination to glutamate. The other major pathway involves the enzymes
glutamine synthetase and glutamate synthase. Ammonium is combined with glutamate by
glutamine synthetase to produce glutamine. Glutamine is then reacted with ketoglutaric acid by
glutamate synthase to produce two molecules of glutamate. By this second process, only a single
molecule of glutamate is made available for anabolism as the other is recycled into the pathway
(Collos & Berges, 2002).
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Figure 2. Major nitrogen assimilation pathways in microalgae. The glutamate dehydrogenase
(left) pathway occurs when NH4+ concentrations are low while the pathway using glutamine
synthetase (right) occurs in high NH4+ concentrations. Note that glutamate synthase produces
two molecules of glutamate (not expressly depicted).
For phosphorus, the cation of orthophosphate (PO4-), the inorganic conjugate base of
orthophosphoric acid, is commonly utilized in artificial growth media for microalgae as it is
readily assimilated and is generally abundant in many municipal wastewaters. Additionally,
mineralization of organic sources of phosphate to orthophosphate prior to uptake may be
completed by membrane-surface phosphatases. As reviewed in Whitton (2012), use of organic
forms of phosphate may be of greater importance in systems not experiencing artificially higher
concentrations of inorganic phosphorus. Further, availability of orthophosphate decreases as
concentration of certain metal anions (Al3+, Ca2+, Fe2+, Fe3+, Mg2+) increases. These anions form
insoluble compounds with phosphate, causing precipitation. Somewhat counterintuitively, some
of these compounds (e.g. CaPO4) decrease in solubility as temperature rises (Koutsoukos, 2000;
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Whitton, 2012). Regardless of the phosphorus source, it is eventually used by microalgae to
create phospholipids, enzymes and cofactors, nucleic acids, and energy transport molecules (e.g.
ATP). If not used immediately by the cell, excess phosphate may be stored as phosphate
granules (Rasoul-Amini et al., 2014). Less is known about the exact uptake pathways used by
microalgae to transport inorganic phosphate, however bioinformatics and transcriptomic
approaches have shown in unicellular and higher plants that overexpression of phosphate binding
proteins (PHR1 & PHR2) and phosphatases (PAP2 & PAP10) occurs (Nilsson, Müller, &
Nielsen, 2010; Oono et al., 2011; Rubio et al., 2001). In higher plants it has been described as
occurring with simultaneous depolarization of the lipid membrane indicating co-transportation
(Li & Brett, 2015; Schachtman, Reid, & Ayling, 1998; Turner, Frossard, & Baldwin, 2005).
More specifically, sodium (Na+) cotransport uptake pathways have been found in some green
algae though additional pathways using other cotransporters may exist (Schachtman et al., 1998).
Uptake rates for both nitrogen and phosphorous sources in microalgae roughly follow firstorder kinetics though arguments for more complex models are prevalent (Ahlgren et al., 2005; Li
& Brett, 2015). Interestingly, nitrogen and phosphate depleted microalgae cells show
significantly higher internalization rates than replete cells (Goldman & Glibert, 1982; Yao et al.,
2011). This difference in uptake rate often leads to methodological consideration of using
microalgae inoculum that has been recently supplied with ample nutrients. This rapid and
substantial storage of nutrients can lead to microalgae populations capable of reproducing
numerous times even after growth media becomes deplete (Droop, 1973).
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Photosynthesis in Green Microalgae
Many microalgae are photosynthetic though some have been shown to be heterotrophic
or “mixotrophic” (Lee, 2004). For obligate photoautotrophs, light availability and progression of
photosynthesis is tantamount to reproduction. In photosynthetic organisms, photosynthesis
involves a light dependent and a light independent series of reactions, the latter of which is
commonly referred to as the Calvin cycle. Broadly, the light dependent reactions involve the
capture of light and conversion to chemical energy whereas the Calvin cycle involves the
fixation by reduction of inorganic carbon.
Light dependent reactions take place in the chloroplasts of cells; specifically in the
membranes of thylakoids. Here, pigment-protein complexes absorb electromagnetic radiation
and transfer the energy to a cascade of supporting proteins. As their name implies, green
microalgae such as Monoraphidium sp. Dek19 absorb light in the violet-blue range (400-500 nm)
as well as the orange-red range (650-700 nm) and lack fucoxanthin, a pigment present in brown
algae which absorbs in the green-yellow range (450-540 nm). The identity of the chlorophyll
pigment molecules present depends on the species of microalgae being examined. Many species
including Monoraphidium sp. Dek19 contain chlorophylls a and b though some genera such as
Nanochloropsis only contain chlorophyll a (Lubián et al., 2000). Other pigments may be present
and have indirect roles in photosynthesis (e.g. some xanthophylls and carotene). Barsanti and
Gualtieri (2014) give a thorough explanation of pigment roles. Despite differences in pigment
composition, two photosystems are typically present in microalgae: Photosystems I (PSI) and
Photosystems II (PSII). PSI and PSII absorb light well near 700 nm and 680 nm respectively;
consequently the photosystem reaction centers have been named P700 and P680. Energy from
absorbed light is transferred as electron donation initially to Fe-S proteins in PSI or pheophytin
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in PSII. Electron transport then occurs along integral thylakoid membrane proteins with the help
of some semi-motile protein transporters with the eventual reduction of NADP+ to NADPH.
During the reduction of plastoquinone after PSII, H+ is transferred across the thylakoid
membrane creating an electrochemical gradient. This gradient may then be utilized by ATP
synthase to produce ATP from ADP and inorganic phosphate (Barsanti & Gualtieri, 2014).
The Calvin cycle occurs outside of the lumen and thylakoid membranes in the stroma.
Here, CO2 fixation with ribulose-1,5-bisphosphate to form ribulose bisphosphate (RuBP) is
catalyzed by Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO). As the enzyme’s
name implies, oxygenase activity is possible here (photorespiration) leading to the production of
phosphoglycolate which must be recycled to reform substrate. When CO2 is successfully
incorporated into RuBP, two molecules of 3-phosphoglyceric acid (3-PG) are formed. 3-PG is
then phosphorylated by ATP forming 1,3-biphosphoglycerate. Finally reduction of 1,3bisphosphoglycerate by NADPH produces glyceraldehyde-3-phosphate. Both NADP+ and ADP
produced in this pathway are regenerated by the light dependent reactions.
Lipid Synthesis in Microalgae
Like all organisms, algae have the necessary metabolic pathways to produce lipids and
some even naturally accumulate high levels of oils within their cells. As a result, synthesis of
lipids and lipid containing macromolecules is often of interest when cultivating microalgae.
Resultant from the diversity of lipid containing compounds, cellular functions requiring lipids
are integral, broad, and stretch from structural roles to cell signaling, energy storage, and
maintenance or “housekeeping” roles (Baba & Shiraiwa, 2013). With regard to energy storage,
oil or fat storage is particularly energy dense (~9kcal∙gram-1) when compared to polymerized
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sugars (~4 kcal∙gram-1) (Berg, Tymoczko, & Stryer, 2002). Lipid energy storage compounds in
microalgae take the form of mono-, di-, or tri-acylglycerol molecules, though many lipids
inherently store large amounts of energy since their synthesis requires sizeable inputs of both
cofactors and reducing power. Triacylglycerols, also referred to as triglycerides or TAGs,
consist of a three carbon glycerol backbone, each carbon of which has an ester bond to a fatty
acid. Notably, the three fatty acids in a given triacylglyceride are usually the same. The naming
of a fatty acid consists of mentioning the carbon tail length, number of double bonds, and
positioning of said bonds (e.g. Oleic acid: 18:1 cis-9). Similarly, when naming triglycerides, the
fatty acid tail length is included in the overall common name. For example, a triglyceride
containing three palmitic (16:0) fatty acids has a common name of tripalmitin. Fatty acids and
resulting TAGs produced by microalgae are important to consider as they affect the physical
qualities of lipid extracts often considered for biofuel purposes.
Synthesis of triacylglycerides takes place in the endoplasmic reticulum (ER) of cells via a
cascading addition of fatty acids to the organophosphate precursor, glycerol-3-phosphate. The
prior synthesis of glycerol-3-phosphate (G3P) however occurs in the cytosol and by reaction of
glycerol and ATP with a glycerol kinase. Once in the ER, glycerol-3-phosphate acyltransferases
remove alcohol groups from G3P beginning with the terminal alcohol. Phosphatidic acid
phosphatases remove the phosphate group from the diglyceride, restoring the original alcohol
group of the glycerol. This alcohol is subsequently replaced with a third fatty acid by a
diglyceride acyltransferase. This process may be interrupted though by the export of an
intermediate producing mono- or di-glycerides (Christie, 2012).
De novo synthesis of fatty acids in microalgae begins with the committed endergonic step
of carboxylation of acetyl-coenzyme A (CoA) to malonyl-CoA by acetyl-CoA carboxylase. The
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suite of enzymes collectively referred to as fatty acid synthase then controls elongation of the
fatty acid. Acetyl transacylase catalyzes the reaction of acetyl-CoA and acyl carrier protein
(acetyl-ACP) to form acetyl-ACP while releasing CoA. Similarly, malonyl transacylase
catalyzes the creation of malonyl-ACP while releasing CoA. An important distinction in the
synthesis of fatty acids occurs here where a difference in precursor substrate leads to even or odd
chain fatty acids. For the more common place synthesis of even-chain fatty acids, all carbon
comes from the two-carbon donations of acetyl-CoA either directly or via malonyl-CoA. For the
synthesis of odd-chain fatty acids, elongation begins after the catalysis of propionyl-CoA and
ACP to propionyl-ACP by acetyl transacylase. Conversely, generation of odd-chain fatty acids
is suggested to occur by carbon-loss via decarbonylation of acetyl-CoA. From here, propionylACP or acetyl-ACP undergoes condensation with malonyl-ACP to form four or five carbon
compounds after the evolution of CO2. The ketone group is then reduced by NADPH and
dehydration removes oxygen leading to a molecular chain comprised of solely carbon and
hydrogen. The remaining alkene is reduced to produce a saturated carbon chain. At this point,
iterative rounds of condensation, ketone reduction, dehydration, and alkene reduction with
additional malonyl-ACP lengthens the fatty acid chain (Berg et al., 2002; Christie, 2012). Fatty
acid length is highly variable among microalgae species. Many species produce saturated
palmitic acid (16 carbons with 0 alkenes; 16:0) and oleic acid (18 carbons with 1 alkene; 18:1) in
abundance (Taiz & Zeiger, 2010). The fatty acid profile of Monoraphidium sp. Dek19 has been
previously described in Holbrook et al. (2014), however as mentioned fatty acid profile is
variable and often depends on cultivation conditions (see Results).
Lipid compounds (mono/di/triglycerides, free fatty acids, etc.) are often extracted from
microalgae cells. Several methods allow for the removal of these chemicals though each has
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potential drawbacks. The use of mechanical presses to cause cell lysis is promising though
energy demands are unclear and may be further complicated by the inclusion of flocculant
compounds (e.g. FeCl3, KOH, (NH4)2SO4). Extraction using non-polar solvents such as hexane
and chloroform-methanol allow for the removal of triglycerides though they also extract various
other molecules such as chlorophyll pigments. Contaminants may be removed by bleaching or
precipitation but these add yet another step, series of reagents, and potential pollutant (Bahmaei,
sadat Sabbaghian, & Farzadkish, 2005). An alternative to extraction for the purposes of biofuels
production is hydrothermal liquefaction technology which converts dewatered microalgae
biomass directly to a refinable organic material termed “bio-crude” (Faeth & Savage, 2016).
Briefly, hydrothermal liquefaction involves treating biomass with high pressure and heat to
rapidly form an analog to crude oil (Neofotis et al., 2016).
Microalgae Global Distribution
Simply put, microalgae are the near definition of ubiquitous. They are an extremely
biodiverse group of organisms which grow in a wide range of environments (Mata, Martins, &
Caetano, 2009). Microalgae may be stenohaline or euryhaline; freshwater, brackish, or marine;
live in warm or near freezing environments; and many are desiccation resistant. Additionally,
these tolerances and resistances confer survival in areas with only temporary or periodic water
deposits and indeed some microalgae are truly terrestrial. Their high survivability and small
form make for easy migration of species from location to location by a variety of vectors (wind,
runoff, animal migration, etc.). Curiously though, many microalgae maintain intraspecies
genetic diversity even without barriers such as in marine environments (Sassenhagen, Wilken,
Godhe, & Rengefors, 2015; Tahvanainen et al., 2012). It is possible that ease of transfer is
simply offset by competition of locally adapted populations despite short generation times
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allowing rapid differentiation to fill new environmental roles (Allen, Thum, & Caceres, 2010;
Loeuille & Leibold, 2008). Invasive microalgae such as the widely studied Gonyostomum semen
however certainly do occur and pose serious problems for native species and ecosystem
management efforts (Rakko, Laugaste, & Ott, 2008; Rengefors, Weyhenmeyer, & Bloch, 2012;
Sassenhagen et al., 2015). Success of locally adapted species along with concerns for the release
of non-native and genetically modified species has led to mass ‘bio-prospecting’ efforts to find
native isolates suitable for phycoremediation and lipid production (Araujo, Matos, Goncalves,
Fernandes, & Farias, 2011; Whitton, 2012; Yee, 2016). Encouraging these efforts are
government regulatory groups such as the U.S. Environmental Protection Agency and the
European Environment Agency and industry watchdog groups (e.g. Cornucopia Institute).
Water Treatment Regulations
The discharge of industrial and municipal wastewaters to the world’s watersheds poses a
serious threat to nutrient cycling and the dynamics of the receiving ecosystem. Specifically,
excess nutrients in the form of inorganic and organic phosphates, and species of nitrogen can
encourage harmful algal blooms and general cultural eutrophication (Chisti, 2016; de-Bashan &
Bashan, 2010; Rawat, Kumar, Mutanda, & Bux, 2011). The 1972 U.S. Federal Water Pollution
Control Act, commonly referred to as the Clean Water Act, established mandates for the quality
of the wastewaters released with “significant nexus” to navigable waterways (Copeland, 1999).
Since its incipience, the statutes held have been updated with more stringent limitations on
wastewater outflow purity being applied regularly. Regulation in the U.S. occurs in a number of
ways, primarily however through the issue of National Pollutant Discharge Elimination System
(NPDES) permits with strict limitations on pollutant outflow (Primer for Municpal Wastewater
Treatment Systems, 2004). Limitations are often based on available technology and
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infrastructure, water quality requirements and limitations, and overall toxic effect of effluents
("NPDES Permit Limits," 2015). Wastewater sources and treatment facilities close to
waterways, especially lentic waters, are more carefully scrutinized and regulated ("NPDES
Wastewater & Stormwater Permits," 2016).
The DeKalb Sanitary District (DSD) is a wastewater treatment facility in the Midwest
and is no exception to regulation, holding NPDES Permit No. IL0023027 (2011). The sanitary
district is located in DeKalb County, Illinois at longitude 41.943914°N and latitude 88.740722°W. The facility is located within the city of DeKalb, at the edge of the south branch
of the Kishwaukee River and outflow discharges directly into the river branch (Figure 3). As of
2011 when the permit was issued, concentration limits for typical (non-excess flow) discharge
waters were defined for carbonaceous biological oxygen demand, suspended solids, pH, fecal
coliforms, ammonia, and dissolved oxygen. Though mentioned, phosphorus and total nitrogen
do not have limits and the facility is only required to monitor their concentrations a single day
out of every month (NPDES Permit No. IL0023027, 2011). Limitation of phosphorus output to
~1 mg∙L-1 is pending and the DSD has begun monitoring more frequently (see Results) and
investigating treatment options that could reduce phosphorus outflow.

15

Figure 3. Aerial photograph of the DeKalb Sanitary District alongside the Kishwaukee River
(DeKalb, Illinois, USA; 41.943914, -88.740722). Photo from www.dekalbsd.com.

Wastewater Treatment Processes at the DeKalb Sanitary District
All raw sewage at the DeKalb Sanitary District goes through preliminary physical
treatment to remove debris and inorganic materials. This is achieved by the use of disposable
screens which are periodically changed and sent to a landfill. “Grit” composed of sand, gravel,
glass, and metal fragments are removed by variable settling with controlled water velocity and is
also sent to a landfill ("Preliminary Treatment," 2016). Sedimentation and ‘floatation’ of organic
debris is then removed in clarifying tanks ("Primary Treatment," 2016). The wastewater at this
stage is commonly referred to as primary effluent and split into secondary treatment steps, an
older “trickle filter” process and a newer “activated sludge” process ("Plant Flowchart," 2016).
The trickle filter process involves two aerobic digestion steps. The first requires spraying
wastewater over rocks covered in microbial biofilms. As the wastewater is sprayed, it becomes
oxygenated, allowing the biofilms to aerobically digest organic pollutants. The second step is
similar in all but design, where waterwheels growing biofilms churn through the water,
converting ammonia to nitrate similar to household aquaria filters ("Secondary Treatment,"
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2016). Activated sludge treatment is a modern variant of secondary treatment that uses
suspended aerobic nitrifying bacteria to rapidly break down organic debris ("Activated Sludge
Secondary Treatment," 2016). The dense concentration of bacteria and other aerobic microbes
generate exceedingly high oxygen demands, which are offset by the constant injection of
atmosphere. After either of the two main secondary treatment steps, tertiary treatment occurs.
Tertiary treatment involves fine particle filtration via sand-bed filters, sterilization with
hypochlorite bleach, and finally de-chlorination with sodium bisulfite ("Plant Flowchart," 2016).
Microalgae based Wastewater Treatment
Although activated sludge treatment processes can be quite effective at phosphorus
removal and nitrification, they are inherently expensive requiring massive input of O2 usually
through injection of atmosphere at the base of digestion tanks (Khin & Annachhatre, 2004). The
use of microalgae to purify waters, a process termed phycoremediation, has been shown to be
effective in numerous wastewaters including industrial, municipal, and agricultural sources (Cai,
Park, & Li, 2013; Chinnasamy, Bhatnagar, Claxton, & Das, 2010; Chisti, 2016). Controlled
growth of algae in open-water systems has been shown as effective secondary and tertiary
wastewater treatments and has demonstrated some large scale success (Mahapatra, Chanakya, &
Ramachandra, 2013).
Photoautotrophic treatment processes do however require large surface area to
accommodate collection of solar energy to power metabolism when microalgae are expected to
grow in continuous culture (Chiaramonti et al., 2013). High rate algal growth ponds of 5 to
20cm deep employing large, slow paddlewheel designs for mixing are often considered as they
have relatively low operating costs and provide a large surface area for collection of solar
radiation. The shallow depth of these ponds reduces total throughput but balances this by cutting
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energy loss from friction of churning deeper waters (see Chiaramonti et al., 2013 for detailed
design considerations). As mentioned briefly above, nutrient depleted microalgae can sequester
nutrients well past their “cell quota” and do so more rapidly than those using dissolved nutrients
directly for metabolism (Droop, 1973). This has led to examination of “luxury uptake” and
temporary storage forms of nitrogen and phosphorus (Powell, Shilton, Chisti, & Pratt, 2009). As
explained in Yao (2011) phosphate starved cells attain much higher removal rates than cells
replete with internalized phosphate. The author goes on to note that maximum uptake should be
determined for both deplete and replete cells, potentially in relation to a measure of the
concentration of accumulated phosphorus. This observed life history trait is seemingly found in
many microalgae (Cai et al., 2013) and may have been developed as a way of rapidly securing
briefly and sporadically available nutrients in an effort to outcompete other organisms (Chisti,
2016; Leadbeater, 2006).
Global Demand for Hydrocarbons and Renewable Energy
Hydrocarbons are an important group of chemicals that are required the world over for a
multitude of reasons. They are used to produce materials such as plastics, rubbers, and oils and
are combusted to provide lighting and heat. Understandably then, a large fraction of the world’s
economy revolves around the extraction, processing, and production of the raw materials and
products. As fossil hydrocarbon reserves dwindle and the human population surges, pressure on
finite petroleum reserves increases. Moreover, as countries modernize and their respective gross
domestic product per capita increases, added pressure can be expected due to shifts in
consumption (Hannon, Gimpel, Tran, Rasala, & Mayfield, 2010).
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One of the major uses of petroleum hydrocarbons is the creation of liquid fuels. Fuels
made from crude petroleum include gasoline, naphtha, propane, kerosene, fuel oil, and diesel
fuel. It is now widely accepted that the use of hydrocarbon fuels derived from fossil sources
increases atmospheric pollutants by releasing CO2 and greenhouse gasses which contribute to
climate change (Hannon et al., 2010; Parry, Canziani, Palutikof, van der Linder, & Hanson,
2007). For some perspective on the scale of usage the liquid fuel consumption of the United
States can be considered. In 2012, the U.S. used approximately 2.188*1011 gallons of petroleum
derived liquid fuels. Of this, 41% or 9.030*1010 gallons were various grades of diesel fuel (EIA,
2014). This high and ever increasing demand for hydrocarbons in tandem with diminishing
natural deposits and potentially catastrophic negative effects of using them have become the
driving forces behind the development and consideration of alternative and sustainable fuel
sources. An array of technologies have been applied to solving this looming issue, from
attempting to extract oil from sources previously ignored (e.g. shale oil fracking) (Howarth,
Ingraffea, & Engelder, 2011) to optimizing fuels through hydrogenation (Reilly & Hamilton,
1993) to the use of biological organisms in the production of hydrocarbons or alcohols of various
lengths (Chen, Qiu, Rong, He, & Wang, 2015; Chisti, 2016; Tu, Lu, Thiansathit, & Keener,
2016). The use of biological organisms and systems to produce high energy compounds or
“biofuels” is renewable and has various other benefits including, in some cases, being near
carbon-neutral.
Biofuel Sources
The term “biofuel” is broadly used to describe any arrangement of technologies which
ultimately produces a fuel assuming that at least one of the steps in the process employs a
growing or synthesized biological system (Hannon et al., 2010). Some example biofuel
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technologies include the creation of ethanol by yeast from simple or polymerized sugars and the
creation of biodiesels from oleaginous seed plants and algae. The fermentation of sugarcane to
produce ethyl alcohol is a well-established representative system which allows countries with
sufficient land and appropriate climate to generate readily usable liquid fuel. The most famous
user of this system is Brazil which has ethanol fuel available throughout the country and has a
large portion of its economy based on the production and export of the fuel. Budny and Sotero
(2007) and Nass, Pereira, and Ellis (2007) both provide an in depth discussion of this system.
An alternative to sugar derived bioethanol is lipid derived biodiesel. When biodiesels were first
considered, typically cultivated plants such as rapeseed, soy, and palms, were evaluated as
candidates for mass production of biodiesel. The foremost issue with the use of these plants is
that they require tremendous amounts of arable land which competes with food crops (Fargione,
Hill, Tilman, Polasky, & Hawthorne, 2008) though some additional strategies have improved
feasibility such as extraction of dietary, use of plants that grow during off-season months, and
production of various pharmaceutical precursors. An alternative strategy for biodiesel
production is to exploit algae that may be grown on non-arable lands using cheap nutrient
sources such as municipal wastewaters.
A few technologies exist for the creation of biodiesels from algae. A relatively new
method is by hydrothermal liquefaction (HTL). HTL involves the compression of wetted algae
biomass under very high heat and pressure to produce a substance similar to crude petroleum oil,
appropriately named “bio-crude”. Bio-crude can then be processed in ways similar to petroleum
crude oil to isolate fuels of various utility and hydrocarbon length including biodiesel. Another
method for biodiesel production is to produce a workable fuel directly from
mono/di/triglycerides after they are extracted from algae tissue. The chemical reaction of
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glycerides to biodiesel is known as a transesterification reaction due to the creation of new esters
on each fatty acid. In detail, acids or bases may be employed to mediate this reaction. When the
reaction is acid catalyzed, the mechanism is that a hydrogen is donated to the carbonyl carbon of
the ester making it a stronger electrophile and allowing an electrophilic attack on the alcohol.
Alternatively, when a base is used (as is frequently the case) the alcohol becomes deprotonated,
making oxygen a strong nucleophile. This allows the alcohol to perform a nucleophilic attack on
the alpha carbon of the fatty acid producing a different alcohol (in this case, one attached to the 3
carbon glycerol backbone) and a new ester (whichever alcohol was reacted, attached at the ester
functional group of the fatty acid). Typically however, methanol is the chosen alcohol reagent
which means most resulting fatty acid alcohol esters are fatty acid methyl esters or FAMEs.
There are a few methods such as high pressure systems (Romanski, Nowak, Kosinski, & Jurczak,
2012), which may increase the yield by shifting the equilibrium constant or may increase the
overall speed of the reaction.
Exact fatty acid content of algae has been the topic of many research efforts (Abe,
Ishiwatari, Wakamatsu, & Aburai, 2014; Bogen et al., 2013b; Borges, Morón-Villarreyes,
D’Oca, & Abreu, 2011; Dhup & Dhawan, 2014; Holbrook et al., 2014; Huang et al., 2013; Islam
et al., 2013; Stansell, Gray, & Sym, 2011; Yee, 2016; Yu et al., 2012). Fatty acid mixtures
produced by microalgae are diverse, variable, and directly affect usage performance parameters.
For example, increasing degree of unsaturation will benefit the viscosity of the resulting
biodiesel but may cause lacquering and plugging of fuel injectors (Altun, 2014). Review articles
(Mata et al., 2009) and individual works (Islam et al., 2013) have made efforts to characterize a
wide number of species and their oil quality and quantity – a process occasionally referred to as
“bio-prospecting”. The effort of bio-prospecting is to characterize important properties of any
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given species with the hope that some previously uninvestigated strain may be ideally suited for
biodiesel production. It is essentially by this process that the isolate Monoraphidium sp. Dek19
was originally selected for study.
Large-Scale Culturing of Microalgae
With this basic understanding of microalgae and Monoraphidium sp. Dek19, some of its
basal requirements for growth, and the void it may fill as a phycoremediation tool, we can now
look towards considerations for large-scale production. Some abiotic parameters have already
been mentioned above (nutrient requirements, salinity tolerance, etc.) and won’t be discussed
here as a result though they are relevant at all scales. Of the array of remaining abiotic factors,
temperature and solar radiation are often the first two metrics to be considered (Chisti, 2016).
Since algae are suspended in their growth medium, cells must manage to operate at
whatever ambient temperature they experience. As is well known, temperature affects the rate of
kinetic interactions and will affect the rate of chemical reactions in metabolism. This presents a
problem when operating at large scale as regulation of liquid massive volumes is costly.
Fortunately, as shown in Figure 8, wastewater temperatures may be synced to ground
temperature, buffering microalgae from freezing or particularly hot temperatures. Groundwater
temperature is still far below that which is needed for the rapid growth of algae for sheer biomass
accumulation purposes (Sheehan, Dunahay, Benemann, & Roessler, 1998), yet may be suitable
for algae phycoremediation using cold water tolerant species such as Monoraphidium sp. Dek19.
The second abiotic consideration mentioned is availability of solar radiation to
photosynthetic microalgae in a continuously homogenized culture. Depth and overall turbidity
of culture play a vital role in availability of light. Glass or plastics used to create high output
algae culturing systems (photo-bioreactors) may be ultraviolet absorbing (UVA) or transmitting
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(UVT). UVA materials need to be replaced frequently as the compounds degrade over time but
will protect cells from some of the harmful radiation. UVT materials such as borosilicate glass
have high initial cost and will eventually become damaged themselves. In response, cost and
energy modeling approaches have opted for open race-way designs with large surface areas with
no coverings. Indeed, design of industrial culturing vessels often heavily focus on keeping cells
in suspension for the lowest operating costs (see Chiaramonti et al. 2013). Not without fault,
these open systems experience high evaporation and fluctuations in temperature. Excessively
high light irradiance however may cause cell bleaching by overstimulation of chlorophyll
pigments. Bleaching itself may occur by the direct degradation of pigments or by breakdown by
the cell in an attempt to avoid damage.
Biotic considerations for this technology are complex and change wildly when abiotic
conditions are altered. While sterile monocultures provide the benefit of reducing competitor
effects to zero, maintenance is difficult, costly, and impossible when utilizing open raceway
designs. Presence of competitors, predators, and pests in open systems then provide a strong
need for microalgae isolates which are strong competitors themselves and are predation and pest
resistant. Some mechanisms exist for aiding focal microalgae taxa, such as the maintenance of
smaller axenic cultures which may be used to repeatedly inoculate the non-sterile wastewater
medium, increasing the amount of focal species in suspension.
Chemical Stressors
Outdoor cultivation of microalgae can impose specific chemical challenges to organisms and
cultivators not experienced in smaller, controlled environments. Due to the difficulty of
affecting the sheer volume of industrial scale cultures (mean flow at DeKalb Sanitary District
≈23E6 L∙day-1), any alteration inherently requires a large input of energy or chemicals. One
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challenge associated with the use of outdoor raceway designs is an increase in concentration of
dissolved inorganic ions as evaporation occurs (Sing, Isdepsky, Borowitzka, & Lewis, 2014).
Additionally, fluctuations in dissolved ions occur in wastewaters for many reasons such as low
or high rainfall, animal migrations, chemical spills, and agricultural activity. These gradual or
sporadic increases in inorganic salts may stress microalgae grown for phycoremediation
purposes. As mentioned above, an increase in certain cations (Ca2+) can result in the
precipitation of anions (PO4-) useful for microalga growth. Salinity stress effects may manifest
as an encouragement of succession of the phycoremediation specialist microalgae to halotolerant
species or simply a degeneration of efficiency and productivity of the overall treatment system.
Influences on evaporative rates include pond design (surface area, depth, fetch), solar
irradiance, water and air temperatures, and mean humidity (Chisti, 2013, 2016). While some
authors have investigated repeatedly diluting ponds to recycle artificial media (Sing et al., 2014),
this is not a reasonable solution to a waste treatment facility concerned with low energy
operations and high throughput. Instead, species that can withstand variation within a relevant
range of salinities may be selected. Some microalgae species, such as Chlorella vulgaris have
been shown to be truly euryhaline and would resist nearly any elevated salinity, though with
some loss to overall productivity (Shen et al., 2015). The focal species of this research,
Monoraphidium sp. Dek19, appears to tolerate a range of salinities up to approximately 10 ppt
(171 mM). This is well within wastewater salinities measured at local waste treatment facilities
in the northern Midwest.
The use of chemical additives in microalgae wastewater treatment is, as mentioned, restricted
by the volume of wastewater throughput at waste treatment facilities. Selection of additives is
therefore limited to those that are inexpensive or have biological effects when at very low
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concentrations. One group of chemicals with biological action at low molarity (micro-molar
scale) is hormones. Plant hormones are a broad group of chemicals with many far reaching
physiological effects that in consideration of space and relevance, will not be covered in detail
here (see Davies (2010) or Taiz and Zeiger (2010) for detailed explanations). A non-exhaustive
list of plant hormone categories includes abscisic acids, auxins, cytokinin, giberellins, ethylene,
brassinosteroids, jasmonic acids (jasmonates), nitric oxide, stringolactones, and karrikins
(Davies, 2010; Taiz & Zeiger, 2010). The term hormone is typically reserved for chemicals
which act as signaling molecules between cells or tissues or multicellular organisms however
some evidence for their existence in unicellular microalgae exists. This instead may qualify
them as pheromones and allow limited communication with neighboring conspecifics. If
microalgae are sensitive to plant hormones, they may be a useful tool in guiding microalgae
growth during fluctuations in physicochemical stress at wastewater treatment facilities.
Hormones may have internal roles in microalgae however their sensitivity and even presence
in algae is subject to some debate. Some studies show evidence for shifts in cell organization
and morphology, increases in biomass productivity, and changes to fatty acid metabolism (Abe,
Uchiyama, & Sato, 1972; El Arroussi, Benhima, Bennis, El Mernissi, & Wahby, 2015; Jacobs,
Falkenstein, & Hamilton, 1985; Jusoh, Loh, Chuah, Aziz, & San Cha, 2015; Meza, de-Bashan,
Hernandez, & Bashan, 2015). Others, chiefly bioinformatics approaches, provide evidence for
the lack of signaling pathways of some hormones in microalgae (Lau, Shao, Bock, Jürgens, &
De Smet, 2009; Wang, Liu, Li, & Han, 2015). Due to the controversy in primary literature and
the inexpensive nature of some hormones such as auxins (e.g. indole-3-acetic acid), a simple
empirical investigation of the sensitivity of Monoraphidium sp. Dek19 to indole-3-acetic acid
was performed in this study.
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Research Goals
The considerations and supporting background information covered here are in no way
meant as an exhaustive list of the physical, chemical, and biological conditions that need to be
considered when evaluating a microalga or microalgae-based wastewater treatment technology.
It is however a strong starting position for predicting the success of an organism when grown at
scale when backed by appropriate empirical evidence for that species. This work sought to
provide a portion of that evidence. To this effect, the following research goals were set:
1) Collect and analyze data on environmental conditions which microalgae may experience at a
typical wastewater treatment facility in the upper Midwest of the United States. Make
preliminary temporal predictions of when Monoraphidium sp. Dek19 may be particularly useful
as a phycoremediation tool in these areas.
2) Elucidate any changes in Monoraphidium sp. Dek19 productivity, phycoremediation
capacity, photosynthetic ability, and lipid synthesis when grown in wastewater under salt stress.
3) Investigate sensitivity of the microalga to an inexpensive plant signaling hormone, indole-3acetic acid.
4) Test culture vessels and pilot large-scale growth of Monoraphidium sp. Dek19 in wastewater;
collect biomass, oil.
5) Measure productivity of Monoraphidium sp. Dek19 in wastewater from various points during
wastewater treatment. Investigate alterations resultant from sterilization by autoclave to broadly
measure effect of inherent predators and pests on Monoraphidium sp. Dek19.
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MATERIALS AND METHODS
Identification of Algal Species
Algae used in this study include Monoraphidium sp. Dek19, Chlorella vulgaris,
Chlorella sorokiniana, and an unidentified third species of the genus Chlorella. Most
experiments, especially those at large scales, were grown in open cultures resulting in mixing
and incidental inoculation of species (i.e. xenic growth; Figure 4). Monoraphidium sp. Dek19
was obtained from flasks growing in an environmental growth chamber housed in Montgomery
Hall at Northern Illinois University (NIU), DeKalb, IL. This species was previously isolated and
identified by 18S rRNA sequencing by Dr. W. Scott Grayburn (Holbrook et al., 2014).
Monoraphidium sp. Dek19 has a relatively distinct morphology of two connected, elongate cones
with marginal to zero curvature along the length of the cell. Chlorella vulgaris and Chlorella
sorokiniana were obtained from Dr. W. Scott Grayburn who originally acquired the cultures
from The Culture Collection of Algae at the University of Texas at Austin (UTEX #265 and
#246, respectively). The unidentified species of Chlorella was obtained from Florida Aqua
Farms, Dade City, FL as a generalist “green-water” food source for zooplankton. The genus was
keyed through utilization of an algae ID text (Edward & David, 2010), and TLC of DMSO
extracted of pigments, showing the presence of chlorophyll a and b. The presence of both
pigments allowed the removal of some genera (e.g. Nanochloropsis) from consideration. Other
heterospecific microalgae were observed in various cultures. However, these always represented
a low proportion (< 1%) of overall cells in solution. Further, previous work with
Monoraphidium sp. Dek19 has shown that if inoculated into a culture as the species majority, it
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will remain the majority through a single batch growth cycle in effluent, especially at
temperatures < 15 °C (Personal Obs.; Kirchner, 2015).

Figure 4. Light Micrograph of Monoraphidium sp. Dek19 in liquid culture at 450x Using a
Nikon Eclipse E-600 Light Microscope. Culture imaged was not axenic and other species may
be present.
Storage of Microalgae Strains and Creation of Inoculum
Microalgae were grown on petri dishes filled with agarose solidified medium for the
purpose of maintaining axenic (with respect to green microalgae) sources of taxa. A modified
Bold’s 3N medium was used containing NaNO3 (8.82 mM), CaCl2∙2H2O (0.17 mM),
MgSO4∙7H2O (0.3 mM), K2HPO4 (0.43 mM), KH2PO4 (1.29 mM), Na2EDTA∙2H2O (2 mM),
FeCl3∙6H2O (0.36 mM), MnCl2∙4H2O (0.21 mM), ZnCl2 (0.037 mM), CoCl2∙6H2O (0.0084 mM),
NaMoO4∙2H2O (0.017 mM), cyanocobalamin (0.1 μM), and sterilized soil water (4% v/v)
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solidified with 1.5% plant tissue grade agarose. All chemicals were purchased from either
Sigma-Aldrich or Thermo-Fisher Scientific. This medium allowed slow but steady growth of
microalgae over roughly 1 month before development stalled. Microalgae suspensions or
colonies were streaked onto solidified media using sterilized wooden transfer wands or Q-tips.
Selection of colony was based on microscopy of whole agar plates using an Olympus BH2 Phase
Contrast Microscope at 100x (Figure 6). Monoraphidium sp. Dek19 colonies formed irregular
“swept” morphologies as shown in panel B. Agar plates as old as ~5 months were re-plated and
proved viable cells. Agar plates were sealed with Parafilm and kept under constant light (~60
μmol photons∙m-2∙s-1) at room temperature. On occasion, microalgae colonies were transferred
to plates containing the same medium with low amounts of NaNO3 (final NaNO3 of ~0.8 mM) to
select against organisms incapable of internalizing nitrogen for later use.
Microalgae inoculum for experiments was generated by growing the target taxa in
sterilized wastewater. Typically, batches of M. sp. Dek19 inoculum were grown in 1-2 L
volumes in controlled environment chambers at 10-14°C under illumination at ~100 μmols
photons ∙ m-2 ∙ s-1 in final effluent waste water. The cultures were kept growing by dilution with
fresh waste water approximately every 2 weeks. These conditions ensured Monoraphidium sp.
Dek19 remained the dominant microalgae (>99.9% species composition, personal observation;
also see Kirchner 2015). Chlorella liquid cultures were prepared from agar plates by collecting
colonies with sterilized wooden transfer wands and inserting them into sterilized 50 mL conical
tube filled with ~20 mL of sterilized final effluent wastewater (Figure 5). Conical tubes were
then placed on a rotary shaker at ~190 rpm fitted with an aquarium pump adapted to constantly
aerate at low volume. When necessary, inoculum medium received supplemental
cyanocobalamin, pH buffers, CaCO3, or proteose to encourage initial algal growth. Algae were
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repeatedly diluted and divided into new flasks until a sufficient number of cells were obtained.
Inoculum volumes of Chlorella were kept growing in 0.5-1L volumes at ~22°C under ~100 μmol
photons ∙ m-2 ∙ s-1.
A

B

Figure 5. (A) Microalgae growing in 50 mL photobioreactors used for transfer of agar plated
colonies to liquid cultures. Cells were kept suspended by constant bubbling with atmosphere in
addition to rotary shaking at ~190 rpm and grown at ~22 °C with ~60 μmol photons∙m-2∙s-1. (B)
1L flasks containing cell suspensions of Monoraphidium sp. Dek19 in an environmental growth
chamber. Cells were kept in suspension with constant aeration (>1L ∙ min-1) and grown at ~10
°C with 80-100 μmol photons∙m-2∙s-1 on a 14:10 day:night cycle.
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D

Figure 6. Micrographs of microalgae grown in petri-dishes on an agar solidified, modified
Bold’s 3N medium. Panel A: Chlorella vulgaris, Panel B: Monoraphidium sp. Dek19, Panel C:
Chlorella sorokiniana, Panel D: Chlorella sp. Colony morphology seems to reflect cell
morphology with the spherical Chlorella species forming globular colonies while the
Monoraphidium species forms elongate “swept” colonies.
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Midwestern Growth Conditions
Raw data was provided from the DeKalb Sanitary District, DeKalb, Illinois
(41°56'38.1"N, 88°44'26.9"W) for the analysis of representative growth conditions for freshwater
algae selected for use in phycoremediation of waste water. Initially, data was aggregated from
monthly files from January 2005 – December 2015 into a single data set. Analyses were run on
interactions between time, year, total and peak treatment facility throughput volume, dissolved
influent and effluent ammonia, influent total nitrogen, influent and effluent phosphorus
concentration, influent and effluent suspended solids, and influent and effluent biological oxygen
demand. All analyses were run with IBM SPSS Statistics v23 with α=0.05. Individual cases
when no data was available due to a national holiday, weekend, or similar reason were not
included.
Collection of Effluent for Algae Growth Experiments
Different wastewater samples were collected on many occasions between 2014 and 2016
from the DeKalb Sanitary District (41°56'38.1"N 88°44'26.9"W) (Figure 3). Multiple methods
were employed to retrieve wastewater depending on the volume required. Generally, an electric
1/3 horsepower sump pump with attached tubing was lowered into each wastewater source area
and used to fill 5 gallon Culligan bottles or a 210 gallon tank in the bed of an NIU 1-ton pickup
truck. Smaller samples were retrieved by either dipping a sampling cup attached to a 2 meter
long PVC handle into the wastewater source, or lowering a 5 gallon bucket to the surface until
submerged. “Final effluent” wastewater was collected from the final clarifying tanks, postprimary filtration or “splitter” effluent was collected from a primary clarifying tank, “activated
sludge” was collected from the activated sludge facility, and final effluent from the activated
sludge facility or “activated sludge – final” was collected from a final clarifier dedicated solely
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to effluent from the process. Upon delivery to NIU, wastewater was sanitized either by
autoclave (120 min liquid cycle), or shock chlorination with 8.25% sodium hypochlorite (Clorox;
final concentrations of ~0.1%). Autoclaving took place in either 2L borosilicate flasks or
directly in the 5 gallon Culligan transport bottles. Dechlorination was achieved by using sodium
thiosulfate at ~3.15 grams per gram of sodium hypochlorite in solution. In cases where
wastewater was not sterilized NIU IBC Protocol # S14-0010 was followed.
Culturing Conditions
Species of microalgae were grown in wastewater collected from the DeKalb Sanitary
District, DeKalb, Illinois (41°56'38.1"N 88°44'26.9"W). The majority of microalgae liquid
cultures were grown in a medium of sterilized “final effluent”. Less frequently, where indicated
in the Results section, culture media included sterilized “splitter”, “activated sludge”, and
“activated sludge – final” wastewaters. Algae liquid cultures were grown in a variety of vessels
including 0.250, 0.5, 1, and 2 L Erlenmeyer flasks; 19 L buckets, wide 190 L pools, 285 L gallon
plastic “cattle tanks”, and 380 L polyethylene tanks. Possible culture temperatures included lab
temperature (22.9±1.3 °C), growth chamber regulated cold temperatures (10±0.1 and 14±0.1 °C),
and ambient greenhouse temperature (19.5±1.5 °C). Photon flux density (PFD) for growth
chamber and lab housed flasks varied between 80-100 μmol photons m-2 ∙ s-1. Greenhouse
photon flux density was more variable and differed throughout the year (See Figure 30; mean =
30.6±38.8 μmol photons∙m-2∙s-1). Temperature and light intensity were recorded with Onset
HOBO data loggers and photon flux density was recorded with a Li-Cor LI-185B quantum
photometer. Estimations of photon flux density from recorded HOBO light intensity (recorded
in Lux), were made from conversion estimates backed by side-by-side readings using a HOBO
probe and the photometer. For some experiments, non-sterile wastewaters were used to grow
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Monoraphidium sp. Dek19 in sealed borosilicate flasks as per NIU IBC protocol# S14-0010.
Cells were kept suspended via rotary shaker at approximately 200 rpm.
Large scale culturing conditions required extensive set up and the creation of new
physical apparatus. Figure 7 shows a 3D model rendering of a 380 L polyethylene tank setup
paneled with a picture of actual tanks in the NIU PMBC greenhouse. Circulation pumps (38 L ∙
hr-1) were used to keep microalgae suspended during the course of growth. Aeration pumps were
mounted outside of tanks and tubes were fed inside to air injection points, situated between
circulation pumps. The rotation created by circulation pumps caused injected air bubbles to
swirl and break into smaller bubbles instead of rise directly, increasing retention time and gas
exchange. Onset HOBO data loggers were attached to heavy aluminum bars and placed at the
bottom center of tanks. Floating data loggers were initially attached to the same heavy bar with
cords long enough to reach the surface however this approach was abandoned after cords became
tangled in circulation pump intakes and impellors.

Air Injection
Stones
Circulation
Pump
Aluminum
Plate

Polyethylene
Tank

Figure 7. (A) Three dimensional model of 380 L tank design scheme used to grow
Monoraphidium sp. Dek19 at large scale. Black boxes represent circulation pumps and
atmosphere injection sites are situated between pumps. Green arrow shows overall direction of
circulation. (B) Drained tanks used for growing Monoraphidium sp. Dek19 in the NIU PMBC
greenhouse.
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Basal Media Conditions
Basic conditions of wastewater were obtained using an Oakton Multi-Parameter
PCSTestr 35 probe. Temperature at measurement, pH, conductivity, salinity, and total dissolved
solids were recorded for each wastewater sample. Briefly, initial conditions were obtained by
submerging the probe in sanitized wastewater until a steady value was obtained. Periodic
readings of growing algal suspensions were obtained in a similar fashion. No effect of algal
suspension on measurements of temperature, conductivity, salinity, or total dissolved solids was
seen (p<0.001). The media pH may be altered by photosynthetic activity or excretions of
Monoraphidium sp. Dek19 through time. When directly measured in algae cultures though, only
minor shifts in pH were seen.
Absorbance Measured at 680 and 750 Nanometers
Optical Density or Extinction of Light at 680 nanometers (E680) and 750 nanometers
(E750) was measured in a Pharmacia LKB Ultrospec III UV/Vis spectrophotometer using a 1 cm
light path. Optical Density is used as a metric for rapidly measuring population growth of liquid
algal suspensions. Specifically, E680 allows an estimate of cell density because this wavelength
corresponds to absorbance of chlorophyll in the sample, while E750 reflects near infra-red “light
scattering” by the algae cells. The major advantage of measuring E750 is avoiding the more
rapidly saturating visual range. That is, measurement of the corollary to cell density may
continue into a higher range before dilution is required (keeping within range of the BeerLambert Law). For all readings of optical density of algal suspensions, a blank of distilled water
was used. Distilled water was selected over an effluent blank because 1) a minimal difference
between distilled water and final effluent was consistently seen (~0.010) and 2) a slight change
in the absorbance of waste water may have occurred during the growth of microalgae (e.g. due to
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algal secretions in older cultures) which would not necessarily be corrected by using an effluent
blank.
Cell Density
Cell Density was calculated from manual cell counts on a hemocytometer using an
Olympus BH2 Phase Contrast Microscope at 450x. For each data point, raw counts from four
100 nL sections of a Neubauer chamber filled with algal suspension were combined. Cell
Density (cells∙mL-1) was then calculated by multiplying the count total by 106 ∙ 400-1 (nL∙mL-1).
In samples where high cell density resulted in overlapping cells, dilutions were made to ensure
accurate measurement. Typical dilutions would bring cell densities to approximately 2*106
cells∙mL-1. Any effect of dilution on sample measurement was briefly investigated by
comparing counts of higher cell density algal suspensions (~4*106 cells∙mL-1) to a dilution of the
same suspension (~2*106 cells∙mL-1). Maximum dilutions resulted in 10% of original algal cell
density. While there was no difference within this range, the dilution effect may be inherently
heteroscedastic and affect dilutions of higher cell density algal suspensions more severely.
Cell Dry Weight
Cell dry weight (CDW) was obtained in two different ways. The first method was
filtering specific volumes of algal suspension through 0.45 micron pore fiberglass filters (PALL
Corp.). Briefly, algal suspensions were vacuum filtered via Büchner funnel using pre-dried and
pre-weighed filter papers. Collected cells were then dried in a convection oven at 70 °C before
weighing. The difference in weight was assumed to be entirely due to trapped cell dry weight
though collection of some suspended organic debris was possible. From this method, a
relationship between cell dry weight and extinction of light at 680 nm (E680) was created: CDW
(g∙L-1) = 0.294(E680)-0.0076 (R2=0.942). The second method was centrifugation of entire 1L
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cultures using a Sorval centrifuge with 250 mL bottles at 15,000 RCF for 10 minutes. After
initial concentration pellets were transferred to pre-weighed 15 mL conical tubes, washed with
distilled water, and centrifuged again at ~10,000 RCF for 10 minutes. After removal of
supernatant, cells were lyophilized for 24 hours. Finally, cell dry weight was measured as the
change in conical tube weight immediately after removal from the lyophilizing chamber. Again,
an assumption was made that all weight collected was due to dry algal cells though some portion
of the weight may be attributable to organic debris or other organisms.
Collection of Microalgae from Large Cultures
For some studies, Monoraphidium sp. Dek19 was grown in large open-air cultures from
200-375 L in volume. Collection of algal mass from these cultures requires a somewhat different
approach than what may be used on 1L size cultures. “Flocculation”, or the clumping of algal
cells due to aggregation by chemical charge, was performed by introduction of concentrated
aqueous KOH. This procedure was developed for Monoraphidium algae by L. Reinke. Each
culture had KOH solution added until the culture reached a pH of 12. A pH range of 11-12 had
previously been shown to form a strong flocculation with these algae (Personal Obs.; Davidson,
2013). After the addition of KOH, cultures were stirred and allowed sit for 20 – 60 minutes.
This would dewater the overall culture, leaving a compact mat of algal cells on the bottom of the
culture vessel. Supernatant liquid was siphoned off (~90% of the culture volume) and the algal
mat was carefully transferred to large ~0.8 m2, 45 μm mesh drying racks and allowed to sit
overnight. The following day, dried algae biomass was collected, broken apart, and weighed. A
correction was applied to the weight of collected algal mass that attempted to account for excess
KOH (Weight from KOH = 0.0512(E680)+0.1412; Reinke Unpublished).
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Absorption spectra of Monoraphidium sp. Dek19 pigments
Monoraphidium sp. Dek19 pigments were extracted using the organic solvent dimethyl
sulfoxide (DMS) and analyzed for peak intensity. 1 mL samples of microalgae suspension were
centrifuged in a Baxter Biofuge A at ~13000 RCF for 10 minutes. Supernatant was discarded
and the pellet was resuspended in 1mL of analytical grade DMSO by vortexing. Samples were
then kept in the dark at 4°C for approximately 12 hours. A blank was prepared alongside
samples by adding 1 mL to a blank centrifuge tube and following the aforementioned
procedures. Following extraction, samples were vortexed and then centrifuged to pellet cellular
debris. Supernatant was then read in a Perkin-Elmer Lambda 19 UV/Vis scanning
spectrophotometer across a range of 300-800 nanometers producing a full absorption spectrum.
From these datasets, individual readings at 648 nm (E648) and 665 nm (E665) were used to
estimate chlorophyll a and chlorophyll b concentrations. Previously, the presence of both
pigments was confirmed via thin layer chromatography using a stationary phase of Whatman
CHR paper and a 10% acetone, 5% n-heptane, and 85% hexane mobile phase. The equations
defining chlorophyll-a and chlorophyll-b (μg ∙ mL-1) were as follows: Chl a = 14.85 ∗ E665 −
5.14 ∗ E648 ; Chl b = 25.48 ∗ E648 − 7.36 ∗ E665 (Shinano et al., 1996).
Isolation of Monoraphidium sp. Dek19 from Algal Consortium
via Manipulation of Growth Conditions
When this study began, relatively pure cultures of Monoraphidium sp. Dek19 were not
available. Purification of xenic ‘mixed cultures’, those containing numerous heterospecific
green algae, occurred over a 1-2 month period. Mixed cultures typically contained varying
amounts of competing heterospecifics including species of Ulothrix, Chlorella, Scenedesmus,
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and Ankistrodesmus, as well as some scarcer species that were not classified. In an attempt to
develop more pure xenic liquid cultures of Monoraphidium sp. Dek19, cultures were established
in low light (30 μmol photons ∙ m-2 ∙ s-1) and low temperature (14 °C) with constant mixing via
bubbling atmosphere (1 L-1) in an environmental growth chamber. These conditions allowed a
shift in relative species favoring Monoraphidium sp. Dek19 and eventually led to cultures
dominated by this isolate (relative species composition >99.99%). These cultures were used for
all experiments in this thesis and were provided as the primary inoculum for studies of
Monoraphidium sp. Dek19.
Nutrient Depletion
Nitrogen
Nitrate (NO3-) was measured using a Szechrome NAS nitrate assay from Polysciences
Inc. (Park & Li, 2015). For each sample read, 1 mL of algal suspension was centrifuged at
~22,600 RCF for 10 minutes. If samples were not tested immediately, supernatant was
transferred to a new centrifuge tube and frozen at -20 °C until tested. Supernatant (100 μL) was
transferred to a 1.5 mL centrifuge tube containing 900 μL of Szechrome reagent. The sample
was then vortexed at maximum intensity for 30 seconds and allowed to develop for 30 minutes at
room temperature. Optical density of the developed sample was then measured using a
spectrophotometer with 570 nanometer light. The blank used in the spectrophotometer was
made alongside samples using 100 μL of distilled water and 900 μL of Szechrome reagent.
Readings were then compared to a standard curve to convert optical density to mg∙L-1. Standard
curves were made using NaNO3 and a new standard curve was created each time the reagent was
remade.
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Dissolved ammonia was rapidly tested using an Oakton Ion 700 ammonium probe.
Briefly, 200 μL of 5M NaCl was added to 10 mL of sample to adjust for the relative ionic
strength across the probe membrane. The mixture was then stirred constantly using a magnetic
stir plate while the probe was submerged in the sample vessel. Data was recorded when the
probe output became constant. Standards of 10 and 100 mg∙L-1 were used to calibrate the probe.
Change in ion concentration was calculated using Equation 1. This equation included a
cell term though ideally it would be removed by using a theoretical maximum removal rate for
the species so any given rate would be expressed as a ratio to the maximum rate (Yao et al.,
2011).
∆𝑖
2(𝑖1 − 𝑖2 )
=
̅̅̅̅̅̅ ∙ ℎ𝑜𝑢𝑟 (𝑐1 + 𝑐2 )(𝑡2 − 𝑡1 )
𝑐𝑒𝑙𝑙𝑠
Equation 1. Removal rate of ions in solution per mean cell density between the two time points,
per hour. i represents ion concentration in μg∙L-1, c represents cell density in 106 cells∙L-1, and t
represents time in hours. Subscript denotes time point of measurement. Output unit is change in
mass (μg) per million cells per hour. This equation was used for nitrate and phosphate to
calculate change between time points allowing maximum change to be observed.

Phosphate
Phosphate (PO4-) was measured using a malachite green phosphate assay. For each
sample read, 1 mL of algal suspension was centrifuged at ~22,600 RCF for 10 minutes. If
samples were not tested immediately, supernatant was transferred to a new centrifuge tube and
frozen at -20 °C until tested. To 500 μL of supernatant, 200 μL of (1.75% (w/v) Ammonium
Molybdate in 6.3N sulfuric acid) was added. The mixture was vortexed for 30 seconds and
allowed to stand for 10 minutes. 200 μL of (0.35% (w/v) polyvinyl alcohol and 0.035%
malachite green oxalate in distilled water) was then added to the tube and the sample was again
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vortexed for 30 seconds. Standards were created using a stock of 1mM KH2PO4. The mixture
was allowed to sit at room temperature for 20 minutes as color developed. A blank was made in
tandem to samples which consisted of 500 μL of distilled water processed in the same way as
samples. Removal rates in cultures were defined by the Equation 1.
Photosynthesis in Monoraphidium sp. Dek19
Photosynthetic rates were measured by evolution of O2 using a Hansatech Instruments
oxygen electrode. The electrode functions by reading the change in voltage from a platinum
cathode to a silver anode. As these metals will oxidize to varying degrees, they were polished
before any analysis. The electrode was then covered with saturated aqueous potassium chloride
before a thin layer of cigarette paper and Teflon tape was stretched over the central cathode and
held in place via rubber O-ring. The electrode was housed in a cylindrical vessel that allowed a
flow of water to regulate sample temperature. Voltage output was routed through a
potentiometer and sent to be recorded either by chart recorder or by an attached Vernier Lab Pro
logger (see Kirchner, 2015). To find atmospheric and minimum voltage, atmosphere and
nitrogen were bubbled into distilled water above the electrode until constant readings were
found. Individual samples of algal suspension were then added to a central chamber above the
electrode and the same assay of atmospheric and minimum voltage was performed. Oxygen
evolution was then measured by providing light via a 65W equivalent compact fluorescent flood
lamp. Exact photosynthetic photon flux density was measured at the sample by photometer to
ensure accuracy. Finally, rate of oxygen evolution was calculated by measuring the voltage
slope. To convert data into μmol O2 ∙ mL-1 at 25 °C, a constant of 0.272 μmol ∙ mL-1 was applied
("Oxygen Solubility in Fresh and Sea Water," 2015).
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Fluorescence Microscopy
Cell Imaging
BODIPY 505/515 (4,4-Difluoror-1,3,5,7-Tetramethyl-4-Bora-3a,4a-Diaza-s-Indacene)
was purchased from ThermoFischer Scientific (Cat. No. D-3921). The lipophilic fluorescent dye
was used to stain neutral cellular lipids in situ for Monoraphidium sp. Dek19 and an unidentified
species of Chlorella. BODIPY dyes are stable in most solvents, have high quantum yields, and
resist quenching except in high concentrations when self-quenching may occur. The dye
undergoes a relatively small fluorescent stokes shift with excitation wavelength range of 500650nm and emission maxima from 510 nm to 665 nm. Additionally, BODIPY 505/515 has been
shown to permeate and stain live zebrafish embryos (Cooper, D'Amico, & Henry, 1999) and
stain various green algal species (Cooper, Hardin, Petersen, & Cattolico, 2010).
For this study, 1 mL algal suspensions were collected from growing cultures and stored
in opaque 1.5 mL centrifuge tubes. Suspensions were then diluted using distilled water to a
common cell density as measured by extinction of light at 680 nm. Excess liquid was removed
to bring the final volume to 1 mL. 100 μL of BODIPY 505/515 stock solution (concentration in
100% dimethyl-sulfoxide) was added to each suspension. Samples were then vortexed for 1
minute and imaged. As some samples were prepared together, a difference in time between
staining and imaging occurred among samples though no significant difference was seen
between replicate runs with imaging delays ranging from 0-60 minutes. Cells were imaged on a
Zeiss LSM 5 Pascal confocal laser scanning microscope with a 1 micron pinhole. Excitation was
by argon laser at 488 nm. Three channels were recorded per image, a bright field channel, a
band-pass channel from 505-530 nm, and a long-pass channel of 585 nm. For overlays, gray
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scale channels for the BODIPY band-pass channel was colored green and the chlorophyll
autoflorescence long-pass channel was colored red.
Quantification with ImageJ
Micrographs of Monoraphidium sp. Dek19 and Chlorella sp. were analyzed with the free
software ImageJ v1.49. Zeiss proprietary ‘LSM’ files were used to trace cells using the polygon
selection tool referencing the bright field image. After outlining, cell area (number of pixels
within the trace) and mean grey value (average pixel intensity within the traced) were recorded
from the band-pass channel capturing BODIPY fluorescence and the long-pass channel capturing
chlorophyll auto-fluorescence. Background fluorescence was found by selecting multiple areas
surrounding each target cell and recording values for the band-pass and long-pass channels
(Fitzpatrick, 2014). Calculated Total Cell Fluorescence (CTCF) for neutral cellular lipids stained
by BODIPY and chlorophyll auto-fluorescence was calculated as:
Calculated Total Cell Fluorescence = Area ∗

Cell Mean Grey Value
Background Mean Grey Value

Lipid Quantification and Analysis
Colorimetric Method
The colorimetric analysis was adapted from procedures developed on various species of
microalgae not including a species of Monoraphidium (Chen, Zhang, Song, Sommerfeld, & Hu,
2009; Chen & Vaidyanathan, 2012; Gonçalves, Pires, & Simões, 2013; Wawrik & Harriman,
2010). As many microalgae store fatty acids as tri-, di-, and mono-acylglycerol molecules,
hydrolysis by saponification of these bound forms allows for the quantification of all fatty acids
as free fatty acids. This is enabled by the tendency of free fatty acids to complex with copper or
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cobalt salts forming colored compounds that may be read via spectrophotometer (Gonçalves et
al., 2013).
Samples of algal suspension (1.5 mL) in centrifuge tubes (1.5 mL)were centrifuged for
10 minutes at ~22,600 RCF. Cells were then resuspended in 20 μL of Tris-HCl solution (1N
HCl in 1 M Tris, pH = 8.0). Saponification reagent (480 μL; 25% methanol in 1M NaOH) was
then added to the sample. Cells were lysed either by cell beating via vortex after the addition of
washed glass beads (0.1 mm diameter) or by sonication. Lysis was confirmed under the
microscope using wet mounts. The lysate was transferred to a sealing glass test tube and 500 μL
of saponification reagent was used to wash the original tube. The resulting 1 mL of solution was
saponified at 90 °C for 30 minutes in a heat block with brief vortexing every 5 minutes after
which samples were allowed to cool to room temperature. After homogenization using a vortex
mixer, 600 μL of mixture was transferred to a new tube containing 900 μL of
chloroform:methanol (2:1) solution and vortexed for 2 minutes. The sample was then
centrifuged at ~22,600 RCF for 2 minutes to separate organic and aqueous phases. 400 μL of the
lower organic phase was transferred to another tube containing 200 μL of copper reagent (9 vol.
1M Triethanolamine, 1 vol. 1M acetic acid, 10 vol. 6.45% (w/v) Cupric Nitrate). Samples were
then vortexed for 2 minutes and centrifuged at ~22,600 RCF for 2 minutes. 200 μL of organic
phase was carefully separated from the aqueous copper phase and transferred to a new tube
containing 800 μL of coloring reagent (1% (w/v) sodium diethyldithiocarbamate in 2-butanol)
and vortexed for 2 minutes. Reagents were remade weekly or whenever any precipitate formed.
Finally, samples were read at 440 nanometers in a spectrophotometer using 200 μL of
chloroform:methanol (2:1) with 800 μL of coloring reagent as a blank. These reads were
compared to a standard curve made from palmitic acid in saponification reagent. Previous work
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from the aforementioned authors has shown no difference in standards made from various other
fatty acids including decanoic, lauric, myristic, palmitic, and oleic acid. For this study, palmitic
acid was specifically chosen as it was shown to be prevalent in Monoraphidium sp. Dek19 oil
analyzed via GC-MS.
Some potential improvements to this assay have been reported. One of these is to split
the sample prior to coloring and utilize the lysate as a blank (see Wawrik & Harriman, 2010 for
further discussion). Alternatively, it has been proposed that the organic-copper phase be
measured directly in the UV range to avoid absorption by cellular pigments.
Gravimetric Method
Lipid composition was determined by solvent extraction, drying, and weighing in a
number of ways. The first method involved repeated extraction with hot hexane in a Soxhlet
extractor, an apparatus designed to extract substances with limited solubility. In this case,
hexane was chosen as a solvent as triacylglycerols show ~70% extraction with each wash of
hexane (Hara & Radin, 1978). Extractor setup was as follows: A 500 mL Florence flask filled
with ~ 200 mL of initially pure hexane was placed on a formed heating element. A Soxhlet
apparatus was then attached to the flask and held in place with a ring stand and clamps. The
main (upper) chamber of the Soxhlet apparatus was loaded with a pre-weighed cellulose thimble
containing a known amount of dry algal biomass. A reflux condenser was attached to the top of
the Soxhlet apparatus, secured via ring stand, and cool water was run through it. The heating
element was turned on allowing evolving hexane to travel through the outer pipe of the Soxhlet
apparatus, into the main chamber. Either in the main chamber or in the reflux condenser, hexane
condensed and saturated the algal sample, extracting neutral lipids. After ~ 150 mL of hexane
condensed, a siphon mechanism emptied the main chamber to the original flask. Extractions
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were allowed to continue until the sample had been flushed with hexane ~75 times
(approximately 10 hours). The lipid-hexane mixture was collected and allowed to cool before
being dried down using a rotary evaporator. For rotary evaporation, a 500 mL Florence flask
containing lipid-hexane extract was heated in a hot water bath maintaining ~60 °C. Rotation was
set at 120 rpm and negative pressure was applied via a Venturi vacuum pump. Evaporated
hexane was captured by a simple condenser and saved for reuse. Additionally, cellulose thimbles
were dried and weighed to measure weight lost due to extraction. In all cases, the amounts lost
and recovered were similar.
The second method involved reflux of large dry algal samples (150-200 grams). Hexane
and a known weight of dry algae mass were heated in a large boiling flask attached directly to a
reflux condenser. After ~2 hours, solvent was allowed to cool and was decanted on to a Büchner
funnel fitted with a 45 μm filter (Whatman). Filtered hexane was partially recovered via rotary
evaporator before being using to extract the original algal mass again. This process continued
until no pigments were visually distinguishable in the hexane extract. Concentrated lipids from
rotary evaporation were always stored under nitrogen. Finally, each lipid concentrate was
combined and dried until a unified mass of oil was obtained. This oil was later used for analysis
of fatty acid profile after basic transesterification into fatty acid methyl esters (FAMEs).
Treatment of Monoraphidium sp. Dek19 with Indole-3-Acetic Acid
The sensitivity of Monoraphidium sp. Dek19 to a common phytohormone, indole-3acetic acid, was evaluated by introduction of the compound at varying concentrations to algal
cultures. Indole-3-acetic acid (IAA) was purchased from Sigma Aldrich and initially dissolved
in ethanol. Serial dilutions of IAA each dissolved 200 μL volumes of pure ethanol were added to
newly established 1L cultures of Monoraphidium sp. Dek19 with initial cell densities of 2∙106
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cells∙mL-1. Additionally, two controls were run, one having no ethanol or IAA added, and the
other having 200 μL of ethanol added. The final concentrations of indole-3-acetic acid in
cultures were 0, 0.01, 0.1, 1, 10, and 100 μM. Differences in growth were then recorded by
measuring cell density via manual cell counts on a hemocytometer and extinction of light at 680
nanometers on a spectrophotometer as described above.
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RESULTS
Growth Conditions at a Midwest Wastewater Treatment Facility
The careful measurement and consideration of abiotic growth conditions for biological
wastewater treatment processes is paramount to both the success of the system and the prospect
of large scale implementation. Temperature, availability of light, and nutrient content in the
form of available species of nitrogen, phosphorus, and carbon, all play key roles in the success of
green microalga based processes. In the case of Monoraphidium sp. Dek19, experiments
detailed in this work and by previous studies (Holbrook et al., 2014; Kirchner, 2015) have shown
the species is highly competitive at lower (≤15 °C) temperatures and light availability. To
evaluate consistency of growth conditions over time, a variety of physical and chemical
conditions important for the successful growth of microalgae in wastewater were evaluated from
public data provided by the DeKalb Sanitary District (DSD). In most cases, the arithmetic mean
of all data recorded over a decade from 2005 to 2015 is displayed without measures of variation
(Figures 8-14) though variation is summarized in Table 2. A summary table easing the
comparisons of often contrasted influent and effluent wastewaters is provided at the end of the
section in Table 1.
Temperature
Figure 8 shows the mean temperature of influent (incoming untreated sewage) and
effluent (treated sewage ready for discharge) water at the DSD throughout the year (N=2765).
As shown, 51.79% of effluent and 52.07% of influent data points lie at or below 15°C. This
corresponds to a 6-month date range from the first week of November to the first week of May.
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Further, while only 1.93% of influent measurements fell at or below 10°C, 11.02% of effluent
measurements fell at or below 10 °C. This corresponds to a date range of late December to late
March. The coldest and warmest mean temperatures found were 9.01 and 8.65°C, and 20.14 and
21.09°C for influent and effluent respectively. In most cases, effluent waters were more similar
to ambient temperatures. Figure 9 shows that during winter months, effluent waters were up to
2.4°C cooler, while during summer months effluent waters were up to 2.2°C warmer than
influent wastewater. Multiple comparisons of yearly influent and effluent temperature means
revealed a difference in the overall models (N=2765, p<0.001 for both) but no particular order to
wastewater mean temperatures from 2005 – 2015.
The results indicate that wastewater influent temperatures at the DeKalb Sanitary District
are frequently cool, likely having been normalized by geothermal sync as the raw wastewater
was transported to the facility, and vary steadily throughout the year. That is, wastewater
influent is warmed or kept warm in the winter months and cooled or kept cool in the summer
months. Wastewater effluent is closer to ambient temperature, leading to higher variation and
relatively more extreme temperatures through the year. In addition, though there was a
significant difference among yearly wastewater means, neither a trend in warming nor a trend in
cooling of wastewater through time was noted. As this is the most likely step during wastewater
treatment for the incorporation of algal treatment, temperature effects on species productivity is
important to note. For microalgae grown during winter months this means an often cold
environment, requiring metabolic adaptations to maintain productivity. Monoraphidium sp.
Dek19 has shown to maintain its productivity and outcompete native heterospecifics in these low
temperature conditions (Holbrook et al., 2014; Kirchner, 2015). As productivity even in cold
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tolerant species is dependent on temperature, this has direct effects on phycoremediation rates
and metabolite production.

Figure 8. Mean temperature fluctuation of influent and effluent from 2005 to 2015 at a typical
Midwest treatment facility (DeKalb Sanitary District, DeKalb, IL; 41°56'38.1"N 88°44'26.9"W).
Data points represent means of available data (N=2765).

Figure 9. Change in temperature between influent and effluent wastewaters at the DSD
treatment facility. Note effluent temperatures are closer to ambient atmospheric temperatures
leading to warmer conditions in the summer and cooler conditions in the fall. Data represent
means of available data from 2005 – 2015 (N=2765).
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Nitrogen
Nitrogen sources were evaluated to elucidate availability both in quantity and chemical
species for microalgae growth. Figure 10 shows mean dissolved influent ammonia (NH4+)
plotted with mean throughput at the DeKalb Sanitary District. Average influent ammonia was
found to be 19.33±0.27 mg∙L-1 (mean ± 95% CI, N=2770). Maximum and minimum influent
ammonia concentrations were 27.08 and 10.87 mg∙L-1 respectively. Flow rate has a moderate
influence on ammonia concentration (N=2770, Pearsons’s r = -0.619, Spearman’s ρ = -0.612;
p<0.001 for both). The product-moment correlation coefficient here describes a negative linear
association between flow rate and ammonia concentration that can explain ~38.3% of the
variation in one variable due to the other. Squaring Spearman’s ρ indicates the proportion of the
shared variance is ~37.5%. Considering the product of ammonia concentration and flow
(mg∙day-1) shows that certain times of the year see elevated total quantities of ammonia,
displaying the complexity of the yearly nutrient dynamics at the DSD. Comparing influent and
effluent ammonia concentrations reveals a mean conversion of ammonia to other forms of
nitrogen of 95.0±0.1%. Figure 11 shows mean total nitrogen of influent wastewater plotted with
mean flow. Mean total nitrogen was found at 22.04±1.33 mg∙L-1 (mean ± 95% CI, N=47). In
most cases, total nitrogen exceeded mean influent ammonia, indicating some initial availability
of other forms of nitrogen. This corresponds to personal and previous findings of high
concentrations ammonia with low concentrations of nitrate (NO3-) in post-primary physical
filtration wastewater, and low concentrations of ammonia with high concentrations of nitrate in
post-biological filtration effluent (sampled sporadically through the year from 2014-2015). As
shown previously (Kirchner, 2015), Monoraphidium sp. Dek19 will grow more readily in final
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effluent wastewater which contains more nitrate, than in post-primary effluent containing more
ammonium.

Figure 10. Mean influent ammonia and throughput volume from 2005 to 2015 at a typical
Midwest treatment facility (DeKalb Sanitary District, DeKalb, IL; 41°56'38.1"N 88°44'26.9"W).
Data points represent means of available data.

Figure 11. Mean influent total nitrogen and throughput volume from 2005 to 2015 at a typical
Midwest treatment facility (DeKalb Sanitary District, DeKalb, IL; 41°56'38.1"N, 88°44'26.9"W).
Data points represent means of available data.
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Phosphorus
The availability of phosphorus was evaluated using more limited available waste
treatment facility data (2012-2015). Direct measurements of phosphate (PO4-) concentrations in
wastewaters showed similar results to the concentrations presented, indicating that a large
portion of the measured phosphorus is detectable as the inorganic phosphorus chemical species,
orthophosphate (~90.69%). Mean phosphorus concentration and wastewater flow were plotted
in Figure 12. Mean influent phosphorus concentration was found at 2.74±0.15 mg∙L-1 (mean ±
95% CI, N=140). Maximum and minimum influent phosphorus concentrations were 5.52 and
0.59 mg∙L-1 respectively. Percentage removal of phosphorus during wastewater treatment was
found to be 35.35±3.25% (mean±95%CI, N=102, YR2015 only). Similar to ammonia, flow rate
has a moderate influence on phosphorus concentration (N=140, Pearsons’s r = -0.566,
Spearman’s ρ = -0.569; p<0.001 for both). The product-moment correlation coefficient here
describes a negative linear association that can explain ~32% of the variation in phosphorus
using flow data. ρ2 indicates the proportion of the shared variance is ~32.4%. In contrast to
nitrogen, the product of phosphorus and flow (mg∙day-1) seems stable through the year.
While some variation is likely derived from other sources (e.g. flow), the measurement of
the ratio of phosphorus and nitrogen coming into the treatment facility is, perhaps oddly, not
stable. A correlation of phosphorus and ammonia showed a moderate positive trend (N=140,
Pearsons’s r = 0.468, Spearman’s ρ = 0.440; p<0.001 for both). These coefficients indicate that
when considering a linear prediction, only ~21.9% of the variation in one variable is due to the
other. The non-parametric test shows that only ~19.4% of variation is shared. This seemingly
“un-fixed” P:N ratio was not predicted and may be the result of the dynamic nature of
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phosphorus and nitrogen sources through the year and may affect microalgae by changing which
ions may be limiting to growth.
The concentrations of phosphorus measured are significantly higher than background
concentrations found roughly 100 meters upstream of discharge in the Kishwaukee River
(0.088±0.067 mg∙L-1). This equates to a roughly 85x increase in phosphorus concentration in
final effluent wastewaters compared to river water. According to National Pollutant Discharge
Elimination System (NPDES) permit No. IL0023027, the DeKalb Sanitary District (DSD) is not
required to limit monthly average discharge concentrations of phosphorus. This permit however,
was issued in 2011 and is set to expire in 2016. For comparison, more recently issued permits or
those near major lakes mandate a maximum monthly average of 1.0 mg∙L-1. Thus, the facility is
in compliance with its current EPA regulation for phosphorus but effluent discharge may already
be causing eutrophication of the local watershed. Additionally, these findings indicate that the
wastewater will not initially limit microalgae growth due to phosphate limitation; an assumption
backed experimentally by the observed rapid growth of Monoraphidium sp. Dek19 (see Figure
16) in final effluent wastewaters. Finally, these levels of phosphate may be rapidly depleted by
Monoraphidium sp. Dek19 (see Phosphate section below).
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Figure 12. Mean influent phosphorus and throughput volume from 2012 to 2015 at a typical
Midwest treatment facility (DeKalb Sanitary District, DeKalb, IL; 41°56'38.1"N 88°44'26.9"W).
Data points represent means of available data.
Suspended Solids
Limitations to light availability are of great concern to photosynthetically driven
phycoremediation systems. Light absorbing or reflecting particles that remain in suspension
from motion of water, commonly referred to as suspended solids (SS), were evaluated as a
potential limitation to light availability for microalgae photosynthesis (Figure 13). These organic
and inorganic particles were found at 199.9±3.9 and 7.4±0.1 mg∙L-1 (mean±95% CI, N=2773)
for influent and effluent waters respectively. Maximum and minimum SS for influent were 1290
and 3.4 mg∙L-1 respectively, while maximum and minimum SS for effluent were 35 and 1 mg∙L-1
respectively. Comparatively, the data show that a reduction in light availability due to suspended
solids in influent than more commonly used effluent may be increased by an average factor of
~27x.
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Figure 13. Mean suspended solids from 2005 to 2015 at a typical Midwest treatment facility
(DeKalb Sanitary District, DeKalb, IL; 41°56'38.1"N 88°44'26.9"W). For all days, mean
influent values were higher than mean effluent values. Data points represent means of available
data.
Oxygen Demand
Biological Oxygen Demand (BOD), or the amount of dissolved O2 required by suspended
aerobic organisms to digest organic debris, was analyzed to elucidate the potential benefit of
modification of extant systems to allow incorporation of a photosynthetic, oxygen releasing
organism into municipal wastewater treatment. A portion of the BOD of any wastewater is
attributable to heterotrophic organisms responsible for the breakdown and ingestion of organic
solids, and the uptake of various dissolved pollutants. This is especially true in the aerobic
digestion systems of modern wastewater treatment facilities typically called ‘activated sludge’
facilities. Almost the entirety of the oxygen demand of these systems is offset by the injection of
atmosphere at the base of the housing units. In the case of the DeKalb Sanitary District, these
housings are approximately 4.27 meter deep chambers (equivalent to 41.84 kPa for water). The
required pressure across the surface area of the activated sludge tank leads to the largest energy
costs at the wastewater treatment facility due to the demand for electricity by compressors (e.g.
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Su, Mennerich, and Urban (2012) ). Obviously, offsetting these costs has merit and baseline
demands are needed. The data analyzed in Figures 8-14 only pertains to wastewater streams
other than the aerobic digestion system and thus should be treated as an evaluation of concept at
a lower BOD. Figure 14 shows mean influent Biological Oxygen Demand across calendar date
at the DeKalb Sanitary District. Yearly mean BOD for influent wastewater was found to be
156.09±2.37 mg∙L-1 (mean±95% CI, N=2764). Maximum and minimum influent BOD values
were 381 and 3 mg∙L-1 respectively. Yearly mean effluent BOD was found to be 5.26±0.17
mg∙L-1 (mean±95% CI, N=2763).

Figure 14. Mean biological oxygen demand for influent waters from 2005 to 2015 at a typical
Midwest treatment facility (DeKalb Sanitary District, DeKalb, IL; 41°56'38.1"N 88°44'26.9"W).
Data points represent means of available data.
Use at Laboratory Scale
Environmental data from the DeKalb Sanitary District (DSD) presented in this section
were related to and in part guided laboratory scale analyses of microalgae viability, growth, and
phycoremediation capacity. Data was used in defining laboratory growth conditions though
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some settings were chosen with the assumption that they fell within measured values from the
DSD. For example, temperatures used at the laboratory scale ranged from 10-22 °C though this
range does not represent the absolute minimum or maximum temperatures of wastewater. For
reference in laboratory scale studies and future research, an overview of means of measured
metrics is provided in Table 1. Initial concentrations in final effluent wastewater and from four
points in the Kishwaukee River were also measured to gauge accuracy of personal findings with
public data. Table 2 shows empirically tested nitrate, and phosphate concentrations from the
final wastewater, Kishwaukee River water 100 m upstream of the DeKalb Sanitary District
outflow, river water at the DSD discharge point, and river water 100 m downstream of the
outflow. This representative data shows that indeed the DSD final wastewater contains
significantly more (~85 fold increase) phosphate and marginally more nitrate (~1.4 fold increase)
than the Kishwaukee River.
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Table 1. Summary data table of potential growth conditions at a typical Midwest treatment
facility (DeKalb Sanitary District, DeKalb, IL; 41°56'38.1"N 88°44'26.9"W). In order,
Biological Oxygen Demand (BOD) for influent (INF) and effluent (EFF), Suspended Solids (SS)
for influent and effluent, phosphorus (P) content for influent, ammonium content for influent and
effluent, total nitrogen (TN) for influent, throughput (Flow) daily mean (Total) and daily
maximum (Peak), and temperature (Temp) for influent and effluent.
Source
BOD INF
BOD EFF
SS INF
SS EFF
P INF
NH4 INF
NH4 EFF
TN INF
Flow Total
Flow Peak
Temp INF
Temp EFF

Mean

STD

N

95% CI

Max

Min

156.09
5.26
199.91
7.36
2.75
19.3321
0.9291

63.46
2.12
104.86
3.15
0.90
7.1760
1.0948

2764
2764
2773
2773
141
2770
2771

2.37
0.08
3.90
0.12
0.15
0.2672
0.0408

381
16
1290
35
5.52
66.1000
8.4300

3
0
14
1
0.59
1.3900
0.0047

22.04
23.26
38.89
14.891
14.793

4.64
9.99
19.19
3.555
4.186

47
3976
3974
2765
2767

1.33
0.31
0.60
0.133
0.156

36
130.5966
278.9847
21.9
23.3

13
9.463525
1.261803
4.7
4.2

Units
mg∙L-1
mg∙L-1
mg∙L-1
mg∙L-1
mg∙L-1
mg∙L-1
mg∙L-1
mg∙L-1
106 L∙day-1
106 L∙day-1
°C
°C

Table 2. Representative nitrate and phosphate ion concentrations in Final Effluent wastewater
from the DeKalb Sanitary District, 100 meters upstream of the outfall into the Kishwaukee
River, the effluent outfall point, and 100 meters downstream of the outfall. Data was collected in
late February, 2016 and are expressed as triplicate means ± SD.
Ion
Nitrate (NO3-)
Phosphate (PO4-)

Final Eff. (mg/L)
78.7±1.62
7.62±0.02

Kish. Upstream (mg/L)
57.3±1.45
0.09±0.07

Kish. Outfall (mg/L)
68.1±2.01
6.16±0.04

Kish. Downstream (mg/L)
65.0±1.66
3.31±0.07

Relationship of Light Extinction to Cell Density
The relationship between Cell Density (CD) of Monoraphidium sp. Dek19 and Extinction
of Light at 680 nanometers was evaluated for four salinity treatments throughout growth.
Absorbance values corresponding to extinction of light at 680 nanometers (E680) were obtained
using approximately 1 mL of algal suspension in a UV/Vis spectrophotometer. In order to not
violate the Beer-Lambert law, cases where the algal suspension exceeded an absorbance of 1.0
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were diluted with distilled water. These correlations were used to estimate cell density
(cells∙mL-1) when manual cell counts were not possible, often due to time restraints. The
coefficients of determination (R2) for least squares regression of each treatment were 0.981,
0.963, 0.969, and 0.833 for the 1, 3, 6, and 9 ppt NaCl treatments respectively. A one-way
ANCOVA on E680 using fixed factor cell densities and salinity as a cofactor revealed no
significant interaction between cell density and salinity treatment (p = 0.195). The R2 for a least
squares regression for all data points was 0.960, indicating ~96% of the variance seen E680 can be
explained by Monoraphidium sp. Dek19 cell density. The remaining 4% of variation may be due
to suspended organic debris from the wastewater growth medium. Caution was and should be
exercised when using this common equation to predict cell densities greater than ~7 million
cells∙mL-1 for Monoraphidium sp. Dek19 grown in wastewater of salinity >3 ppt NaCl as no data
points exist in this range.

Figure 15. Relationship between Cell Density and Extinction of Light at 680 nm for
Monoraphidium sp. Dek19 grown in final wastewater of four different salinities (N=108). Line
represents least squares regression (y=0.117x+0.138, R2=0.960).
Monoraphidium sp. Dek19 Productivity under Salt Stress
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Monoraphidium sp. Dek19 has been presumed to be a freshwater species and as such
would be accustomed to water of salinities ≤0.5 ppt. The genus Monoraphidium contains mostly
freshwater species, though some have been described as living in brackish water (~16 ppt) such
as Monoraphidium griffithii (Komárková-Legnerová, 1969). As wastewaters from the DeKalb
Sanitary District may exhibit salinities of 1 ppt or more (classifying them as ‘brackish’), an
investigation was completed to determine the effects elevated wastewater salinity may have on
growth and development. In an attempt to determine the effects of heightened salinity on
growth, phycoremediation ability, photosynthetic rate, and metabolite production, microalgae
productivity was explored along a range of wastewater salinity. Unless otherwise noted, these
experiments took place at 10 °C and 100 μmols photons∙m-2∙s-1 to evaluate productivity during
winter months and culturing conditions included 1, 3, 6, and 9 ppt sodium chloride treatments.
Population Growth
Growth of Monoraphidium sp. Dek19 in wastewater under salt stress was measured in 1
L batch cultures through the use of manual cell counts (Cell Density, CD) and by measuring
extinction of light at 680 nanometers (E680). Figure 16 shows these two metrics plotted on a
common independent axis (hours post inoculation). The data suggest that Monoraphidium sp.
Dek19 is a more stenohaline (tolerating a short range in salinities) species that grows in salinities
below 3 ppt without substantial loss in productivity. Higher salinity treatments (≥6 ppt) see
reduced specific growth rates (Figure 17). As specific growth rate is an analog to microalgae
productivity in continuous cultures, this data suggests that Monoraphidium sp. Dek19 grown in
lower salinity wastewaters (≤ 3 ppt) will be able to maintain cell density in a higher throughput
environment.
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Cell dry weight of microalgae suspension (CDW; g ∙ L-1) was measured and compared to
extinction of light at 680 nanometers (E680) and cell density (CD) to evaluate total microalgae
production after 16 days of growth. Analysis of variance on each showed significance in each
overall model (p≤0.001) and pairwise comparisons separated groups similarly. Restated,
biomass accumulation (weight of dry algal tissue produced in each treatment condition) was
similar to final absorbance readings (E680) and cell densities shown in Figure 16. To account for
any changes in individual cell mass (CDW ∙ CD-1) was computed (Figure 18). Cells grown in
the two higher wastewater salinities (6 and 9 ppt) seemed to weigh more than cells in lower
wastewater salinities (1 and 3 ppt). Excess mass may be from accumulated lipids, coinciding
with lipid fluorescence seen in Figure 26.
In detail, with respect to cell density, significant separation among treatments begins at
94 hours post inoculation (p=0.003), with the Monoraphidium cultures grown in lower salinity
effluent (1 and 3 ppt) dividing more rapidly. Multiple comparisons reveal a separation of the 1
and 3 ppt salinity cultures from 6 and 9 ppt treatments. At ~192 hours, the 6 ppt cultures
separate from both the 1and 9 ppt cultures. Finally, at ~16 days post inoculation, the onset of
stationary phase may be seen in some treatments. Here, the 1 ppt and 3 ppt groups approach
separation (p=0.006). With a few exceptions, extinction of light at 680 nm followed the same
trends. The most notable difference between the two metrics was an increase in absorbance of 9
ppt cultures from 100-200 hours with a disproportionately small increase in cell density.
Maximum specific growth rate, or the peak number of cells being produced per hour, is shown in
Figure 17. A univariate analysis of variance (ANOVA) showed an overall significant difference
(p=0.001) while pairwise comparisons revealed 3 groups consisting of 1 and 3 ppt, 3 and 6 ppt,
and 6 and 9 ppt. These subgroups were annotated into Figure 17 by lettering above respective
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columns and restated in the legend. During pairwise comparisons for cell dry weight on the final
day of growth, two groups were identified consisting of 1, 3, and 6 ppt, and 6 and 9 ppt. For cell
density, each treatment was significantly different from the others (p≤0.013) as alluded to above.
For E680, 1 and 3 ppt treatments were grouped while all other relationships were significantly
different (p≤0.003). It is possible that the differences seen in each of these metrics are due to
the resolution of the used methods and equipment used. For cell mass, two groups were
identified consisting of the 1 and 3 ppt and 6 and 9 ppt treatments.
A

B

Figure 16. Batch growth of 1L cultures of Monoraphidium sp. Dek19 experiencing different
amounts of salinity stress over 16 days. Growth was measured by extinction of light at 680
nanometers (A) and cell density via hemocytometer (B). Cells were grown photoautotrophically
in 10 °C with ~80 μmol photon∙m-2∙s-1 of light on a 14:10 day:night cycle. Monoraphidium sp.
Dek19 cells were exposed to 1, 3, 6, or 9 ppt NaCl for the duration of treatment. Data was
obtained from cell counts using a hemocytometer and a spectrophotometer set at 680 nm.
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Figure 17. Peak specific growth rates, an analog to productivity in continuous culture, of
Monoraphidium sp. Dek19 grown in wastewaters of salinities 1, 3, 6, and 9 ppt for cultures
shown in Figure 16. Annotated groups represent significant differences in groups (p<0.05).
Data represent means of triplicate cultures ± SD.

Figure 18. Effects of Wastewater Salinity on Cell Mass (μg ∙ cell-1). Added mass may be due to
increase in lipid storage compounds. Annotated groups represent significant differences in
groups (p<0.05). Data points represent means of triplicate cultures ± SD.
Changes to the Photosynthetic Properties
Alterations to the photosynthetic properties of microalgae caused by growth at increased
salinity were investigated by measuring pigment absorption spectra, chlorophyll concentration
and ratio, and photosynthetic activity. Monoraphidium sp. Dek19 from four salinities
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representing unmodified final wastewater collected from the DeKalb Sanitary District and three
other further elevated salinities (1, 3, 6, 9 ppt) were evaluated under conditions shown in Figures
16-18. Absorption spectra of Monoraphidium sp. Dek19 cells were measured by pigment
extraction in DMSO and are plotted in Figure 19. The plotted data represent absorbance values
divided by cell density at time of extraction. Pigment concentration per algal cell appears
inversely proportional to wastewater salinity concentration for all peaks. That is, cells
experiencing higher salinity concentrations during growth have increased pigment concentrations
per cell. This data was used to calculate micrograms of chlorophyll a and chlorophyll b per
million cells and is plotted in Figure 20. Univariate analyses of variance (ANOVA) were
performed using salinity treatment as a random factor on concentration of chlorophyll a,
concentration of chlorophyll b, and a ratio of the two. The overall model of for chlorophyll a
was significant (p=0.001), owing to the separation of the 1 and 3 ppt treatments from the 6 and 9
ppt treatments. Similarly, chlorophyll b had overall significance (p<0.001) with two separated
treatments subgroups of 1 and 3 ppt, and 6 and 9 ppt. Chl a/b ratio was not significant (p=0.075)
with a majority of observed variance due to the 9 ppt treatment.
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Figure 19. Absorption spectra corrected by cell density of Monoraphidium sp. Dek19 pigments
extracted via DMSO and read in a scanning spectrophotometer. Data points are from cells
grown in varying salinity wastewaters for 16 days (1 ppt = blue, 3 ppt = red, 6 ppt = green, and 9
ppt = purple). Black lines represent approximate local wavelength peak maxima ± 10 nm. Lines
represent mean absorbance ± 1 standard deviation from the mean of triplicate cultures.

Figure 20. Amount of chlorophyll a, chlorophyll b, and a/b ratio per million cells calculated
from data in Figure 19. Data points are from cells grown in varying salinity wastewaters for 16
days. Annotations are grouped by chlorophyll with lowercase lettering referring to significance
in chlorophyll a and uppercase lettering referring to chlorophyll b. No annotations for the ratio
data were provided as no significance was found in an overall model. Data are means of
triplicate cultures ± SD.

Photosynthetic rates of Monoraphidium sp. Dek19 were evaluated at photon flux density
(PFD) experienced during growth (~80 μmols photons∙m-2∙s-1) and a PFD corresponding to
photosystem light saturation (300 μmols photons∙m-2∙s-1) for cells at 16 days post inoculation.
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Figure 21 shows photosynthetic rate as measured by evolution of oxygen per mL of algal
suspension (μmols O2∙mL-1∙hr-1), per million cells (μmols O2∙106 cells-1∙hr-1), per gram of cell dry
weight (μmols O2∙g-1∙hr-1), and per μgram of total chlorophyll (μmols O2∙μg-1∙hr-1). These
comparisons are used to realize the effect on individual cells in suspension. Data shows that
rates of photosynthesis of algae suspensions at 80 μmols photons∙m-2∙s-1 were not significantly
below rates for the same suspension at 300 μmols photons∙m-2∙s-1 (saturating light) for any
treatment (paired sample t-test; p>0.05). Measuring O2 evolution corrected by cell density, gram
of tissue, or μg of chlorophyll shows that self-shading is reduced in Monoraphidium sp. Dek19
cultures at higher salinity when culture density is low. This is because growth in wastewater
under increasing salinity stress inhibits algal growth, resulting in fewer cells in suspension. This
effect leads to reduced oxygen evolution on a per cell, per gram of dry weight, and per
microgram of chlorophyll basis. Conversely, no difference was measured among salt treatments
when considering solely O2 evolution per milliliter of algal suspension. This is observed despite
increased chlorophyll concentrations per cell in higher salt treatments (Figure 20).
These results were drawn from univariate analyses of variance that were performed
within each of the 8 data sets using salinity as a random factor. The overall model showed a
photosynthetic rate per 106 cells was significant at both light intensities (p<0.001). Pairwise
comparisons showed a separation of the 1 and 3 ppt treatments from all others. Overall models
for photosynthetic rate per μgram of total chlorophyll was significant at both light intensities
(p<0.05). Pairwise comparisons showed no groups for 80 PFD assay while the 300 PFD assay
showed two groups of 1, 3, and 6 ppt and 6 and 9 ppt. Overall photosynthetic rate per gram of
cell dry weight was not significant at either light intensity (p>0.05). Overall photosynthetic rate
per mL of final algal suspension was not significant at either PFD (p>0.2).
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B

D

Figure 21. Photosynthetic rate of Monoraphidium sp. Dek19 under a light intensity typical of
culture growth (80µmol photons m-2 s-1) and at saturating levels (300µmol photons m-2 s-1) at
25oC. Cells were grown in wastewater under salt stress for 16 days and correspond to growth
data in Figure 16. Panels show O2 evolution per million cells (A), per mL of growing algal
suspension (B), per gram of algal tissue (C), and per μgram of chlorophyll (D). Data points are
means of triplicate cultures ± SD (N=12).
Effect of Indole-3-Acetic Acid
Some literature has shown the sensitivity of microalgae to phytohormones,
increasing cell division rates and elongation of cells. In particular, indole-3-acetic acid (IAA)
was shown to encourage rapid cell division. If this effect is real and faster cell division

68

correlates with nutrient removal, introduction of IAA to wastewater treatment systems may be a
cheap way of circumventing abiotic and biotic stressors which slow microalgae growth in
continuous culture. Sensitivity of Monoraphidium sp. Dek19 to the plant hormone indole-3acetic acid (IAA) was evaluated at a range of concentrations.
Microalgae growth as cell density was obtained by measuring extinction of light
at 680 nm after 10 days of growth during the onset of stationary phase. This was presumed to
capture the largest differences in growth from log phase growth. Culture treatments included
final culture concentrations of 0, 0.01, 0.1, 1.0, 10, and 100 μM of indole-3-acetic acid.
Comparisons of extinction of light at 680 nm to measurements of cell density via hemocytometer
within each treatment showed no effect of IAA on the relationship (common R2=.993).
Univariate ANOVA using concentration of IAA as a random factor showed no significance in
overall models using specific growth rate (p=0.165) or final cell densities (p=0.302). The
treatment with the most deviation from the respective grand means was the highest (100 μM)
IAA treatment which showed a potential inhibition of growth. The results of this investigation
indicate that Monoraphidium sp. Dek19 shows minimal to no growth response to the plant
hormone indole-3-acetic acid across 10 days of growth. It is possible that Monoraphidium sp.
Dek19 shows no response in terms of cell proliferation but may exhibit measurable variation in
cell size or another metric not quantified in this study. However for cell size specifically, no
discernable difference in size was noted during manual cell counts. Further, a difference in
maximal cell density (cells ∙ mL-1) may be seen given enough time. Ultimately this
consideration is limited in practical impact by the eventual need for this species to be grown
rapidly in continuous cultures with constant input of nutrients and constant removal of cells. As
it seems IAA was unable to encourage more rapid division, it would be an unlikely additive to a
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phycoremediation wastewater treatment process given cost of this hormone. However, other
phytohormones (e.g. abscisic acid) and synthetic analogs (e.g. 2,4-D) may yet prove useful and
continued research is needed.

Figure 22. Peak specific growth rates of 1L batch cultures of Monoraphidium sp. Dek19 grown
in final effluent wastewater with increasing concentrations of indole-3-acetic acid. Cells were
grown photoautotrophically for 10 days in 10 °C with ~80 μmol photon∙m-2∙s-1 of light on a
14:10 day:night cycle. No difference in growth rate was detected (p=0.097). Data points are
means of triplicate cultures ± SD (N = 18).
Phycoremediation of Pollutants
The ability of Monoraphidium sp. Dek19 and a species of the genus Chlorella to remove
elevated concentrations of nitrate and phosphate from wastewater at four different salinities was
investigated. During the investigation, “luxury uptake” of nitrate was observed in both species.
Luxury uptake is the rapid uptake of nutrients past what is needed for immediate growth and is
rationalized as a competitive trait to secure nutrients for the cell while depriving competitors of
them. Monoraphidium sp. Dek19 removed nitrate as rapidly as the species of Chlorella.
Phosphate removal was tested separately for Monoraphidium sp. Dek19 alone and showed
luxury uptake is affected by salinity stress. Steady removal of phosphate was seen in all salinity
treatments after the initial rapid change in phosphate.
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Nitrogen
Both Monoraphidium sp. Dek19 and Chlorella sp. were able to rapidly remove
nitrate from wastewater to minimal levels at all salinity concentrations tested (1, 3, 6, and 9 ppt)
(Figure 23). Starting nitrate concentrations were 45.24±1.42 and 37.32±2.35 mg∙L-1 for
Monoraphidium sp. Dek19 and Chlorella sp. cultures respectively. Differences in initial
concentration were due to necessary differences in total inoculation volume. Nitrate depletion
was inversely related to growth of the algal cultures. In all cultures nitrate was depleted but there
were no significant differences observed in nitrate concentration among treatments within
species at any time point. For Monoraphidium sp. Dek19 that experienced nitrogen starvation,
nitrate was exhausted after ~4 days of growth while Chlorella sp. cultures reached exhaustion at
~6 days. Maximum nitrate (NO3-) removal rates in 1 ppt (control) conditions after nitrogen
starvation were found at 0.857±0.262 and 0.593±0.185 μg∙106cells-1∙hr-1 for Monoraphidium sp.
Dek19 and Chlorella respectively. Maximum nitrate removal rates for Monoraphidium sp.
Dek19 after growth in replete media was 0.227±0.034 μg∙106cells-1∙hr-1. These removal rates are
markedly faster than those presented in Kirchner (2015) but similar to those presented in Hage
(2016). The very rapid removal likely indicates “luxury uptake”. While luxury uptake was seen
in both species, the depletion curve of Chlorella sp. cultures tapered off slightly when compared
to that of Monoraphidium sp. Dek19. Interestingly, when comparing salinity treatments, it
appears that this mechanism is not interrupted by increasing NaCl concentration in
Monoraphidium sp. Dek19 or the species of Chlorella investigated. However, removal rate of
nitrate by Monoraphidium sp. Dek19 in wastewater when not previously exposed to nitrogen
starvation was affected after a lag in nutrient uptake (Figure 23, panel B)
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The degree to which the cells are depleted of nitrogen likely dictates their initial, rapid
uptake of internalized storage forms of nitrogen. Thus, the differences seen between this study
and previous work with Monoraphidium sp. Dek19 (e.g. Kirchner (2015)) may be the result of
inoculum cells showing variability in stored nitrogen. This is supported by a cursory comparison
of the growth curves, which shows a lengthier ‘lag phase’ of cultures in this study, as inoculum
from stationary phase cultures exhibit lengthier lag phases than inoculum taken from log phase
cultures. Moreover, research investigating other species of microalgae often attempts to avoid
luxury uptake in favor of reporting nitrate or phosphate removal due to biomass accumulation
(Akerstrom, Mortensen, Rusten, & Gislerod, 2014). However, for the purposes of
phycoremediation, it may be a useful trait for rapid removal in times of high pollutant
concentration or wastewater throughput.
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Figure 23.
Growth of Monoraphidium sp. Dek19 after nitrogen starvation (A) and
Monoraphidium sp. Dek19 under replete conditions (B) and Chlorella sp. after nitrogen
starvation (C) as measured by extinction of light at 680 nm in effluent at a range of salinities, and
corresponding removal of nitrate (NO3-) from the media. Cells were grown photoautotrophically
for 10 days in 10 °C with ~80 μmol photon∙m-2∙s-1 of light on a 14:10 day:night cycle. Legends
are formatted as genus initial followed by salinity treatment. Data represent means of triplicate
cultures ± SD.
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Phosphate
Monoraphidium sp. Dek19 was able to rapidly remove phosphate from wastewater to
minimal levels at all salinity concentrations tested (1, 3, 6, and 9 ppt) (Figure 24). Phosphate
depletion was inversely related to growth of microalgae. Initial phosphate concentrations were
4.14±0.03 mg∙L-1. Phosphate was exhausted after 5-6 days of growth in all treatments.
Maximum removal rate was significantly different among salinity treatments (p<0.001). The
fastest maximal removal rate found at 0.174±0.012 μg∙106cells-1∙hr-1 and was seen in the lowest
salinity wastewater treatment (1 ppt). The slowest luxury removal rate was found at
0.065±0.015 μg∙106cells-1∙hr-1 and was seen in the highest salinity wastewater treatment (9 ppt).
If this maximum rate were possible in continuous growth culture, total phosphate removal would
be achieved in ~36 hours. As shown in Figure 24, after ~24 hours phosphate removal by
Monoraphidium sp. Dek19 slows, potentially due to the approach of saturation or “cell quota” of
phosphate in suspended cells (Droop, 1973; Leadbeater, 2006). These rates, similar to nitrate
removal, are faster than those presented in Kirchner (2015). The mean phosphate removal rate
48 hours after inoculation is significantly different among treatments (p<0.001). However, this
finding is confounded by the rapid initial loss of phosphate seen in lower salinity treatments.
Again, the differences in overall exhaustion rates of control (1 ppt) cultures between this
study and previous studies of Monoraphidium sp. Dek19 may be the result of inoculum cells
having different amounts of stored phosphate. Alternatively the differences may be from
variation in starting cell density. This is again supported by a comparison of growth conditions,
which shows a lengthier ‘lag phase’ of cultures in this study over those in Kirchner (2015).
These findings indicate that phosphate deplete Monoraphidium sp. Dek19 cells may be used to
rapidly remove phosphate from contaminated wastewaters under salt stress.
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Figure 24. Growth of Monoraphidium sp. Dek19 as measured by extinction of light at 680 nm in
effluent at a range of salinities and corresponding removal of phosphate (PO4-) from the media.
Cells were grown photoautotrophically for 10 days in 10 °C with ~80 μmol photon∙m -2∙s-1 of
light on a 14:10 day:night cycle. Data represents mean of triplicate cultures ± SD.
Lipid Quantification and Analysis
Fluorometric Method
Cellular lipids of Monoraphidium sp. Dek19 and Chlorella sp. cells grown in
wastewaters of various salinities were stained using BODIPY 505/515 and imaged using a
confocal microscope (Figures 25 and 27). This dye has only recently been used in
Monoraphidium (Shrivastav et al., 2015). Both Monoraphidium sp. Dek19 and the species of
Chlorella evaluated have internal lipid droplets which appear to house a majority of their cellular
oils. Though this is apparent in both figures, it is clearer in Figure 27 where fluorescence
intensity is colored against a more contrasting background and the chlorophyll auto-fluorescence
channel has been removed. Additionally these micrographs show that while a majority of the
fluorescence comes from lipid bodies, some material throughout the cell seems to fluoresce. It is
possible this fluorescence can be attributed to incorporation of the fluorophore into the cell
membrane.
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The data collected show consistently higher amounts of lipid fluorescence in
Monoraphidium sp. Dek19 than in the species of Chlorella. Additionally, it shows that
Monoraphidium sp. Dek19 exhibits alterations to its metabolome in response to elevated
environmental salinity with higher salinity treatments showing more fluorescence per cell.
Conversely, the neutral lipid concentration of the more euryhaline species of Chlorella was not
measurably affected by the salinity treatments. This follows conceptually with the increases in
cell mass of Monoraphidium sp. Dek19 seen in Figure 18.
Calculated total cell fluorescence (CTCF) values were obtained from fluorescence of
multi-channel micrographs measured with ImageJ. CTCF was compared among treatments and
species using univariate analyses of variance (ANOVAs). The overall model comparing
Monoraphidium sp. Dek19 treatments was significant (p<0.001) while the model for Chlorella
treatments was not (p=0.314). The lack of significance in Chlorella treatments shows that this
species lipid accumulation did not respond to the increased salinity concentrations applied here.
An ANOVA utilizing all treatments was also significant (p<0.001). Due to concerns of uneven
sample size, Tukey’s Honest Significant Difference test was used to compare treatments directly.
Multiple groups separated and were annotated into Figure 26. Group “a” depicts the lack of
difference among Chlorella sp. treatments. Group “A” included the 1 and 3 ppt Monoraphidium
sp. Dek19 treatment groups. Group “B” consisted of the 6 and 9 ppt Monoraphidium groups.
Finally, a comparison of control (1 ppt) groups showed a significant difference between the
Monoraphidium sp. Dek19 and Chlorella groups (t-test, p=0.001). This indicates that
Monoraphidium sp. Dek19 accumulates more lipids under control conditions than the species of
Chlorella. As mentioned above, fluorescence of cellular membranes may contribute to overall

76

CTCF and therefore may be morphology dependent, thus comparisons between species should
be done with caution.
During the course of measuring cells for calculated total cell fluorescence, cell cross
sectional area was obtained. A comparison of mean cell area among Monoraphidium sp. Dek19
cells and Chlorella sp. cells grown in wastewater under salinity stress was significant for both
species (p≤0.02). Multiple comparisons showed treatment groups in Chlorella sp. of 1, 3, and 6
ppt, and 6 and 9 ppt, with higher salinities having smaller cells. Monoraphidium sp. Dek19 cells
separated into two groups consisting of 1, 3, and 6 ppt and 3, 6, and 9 ppt. That is, only a
difference between cultures grown in wastewater of 1 and 9 ppt NaCl was observed for
Monoraphidium. As stated, this measurement is based on cell cross section, not volume. While
an assumption for Chlorella sp. may be made to approximate cell volume (as spherical cells), an
assumption of diameter and length in Monoraphidium should not be made as diameter-to-length
ratio may have been altered due to a morphological change in response to salinity. Future
research may record diameter and length specifically to address this gap in information.
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1 ppt

3 ppt

6 ppt

9 ppt

Figure 25. Composite of representative microscopy images of Monoraphidium sp. Dek19 (top
row) and Chlorella sp. (bottom row) stained with the fluorescent dye BODIPY 505/515 taken on
a Zeiss LSM 5 Pascal confocal laser scanning microscope. Cells were grown for 16 days in final
effluent wastewater with salinities of 1 (first column), 3 (second column), 6 (third column), or 9
(fourth column) ppt at 10 °C and ~80 μmol photons∙m-2∙s-1. Composites were created by the
overlay of bright field images (gray), BODPIY stained lipid fluorescence (green), and
chlorophyll auto-fluorescence (red). Cells displayed here were chosen for clarity of relative
amounts of fluorescence, not for variation in cell cross sectional area.
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Figure 26. Lipid analysis using corrected total cell fluorescence (CTCF) of Monoraphidium sp.
Dek19 and Chlorella sp. grown in various salinity wastewaters. Data represent means ± 95% CI.
For Monoraphidium sp. Dek19, n=52, 65, 45, 44 and for Chlorella sp. n=20, 17, 20, 35, for
salinities of 1, 3, 6, 9 ppt respectively. Cells were imaged 16 days post inoculation resulting in
varying stages of culture growth at time of imaging as shown in Figure 25.

A

B

Figure 27. BODIPY microscopy images showing only cellular lipid fluorescence colored by a
LUT pallet in ImageJ. Brighter sections show more concentrated fluorescence while blue-purple
areas show low fluorescence. Panel A shows localization of Monoraphidium sp. Dek19 internal
lipids while Panel B shows localization in an unknown species of Chlorella. Localization of
lipid droplets in Monoraphidium sp. Dek19 and Chlorella sp. appears random throughout the
cell. As shown, the BODIPY fluorophore associates with the cell membrane to a degree.
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Colorimetric Method
To verify the lipid analysis using BODIPY dye, a colorimetric analysis was adopted to
evaluate the absolute quantity of fatty acids in cells by hydrolysis and saponification of bound
fatty acids to free fatty acids and subsequent coloring (Gonçalves et al., 2013; Wawrik &
Harriman, 2010). Figure 28 shows the increase of fatty acid content in cohort Monoraphidium
sp. Dek19 grown in final wastewater at 10 °C with 100 μmol photons∙m-2∙s-1 over the course of
~28 days. During this time, samples were taken weekly and analyzed using the colorimetric
method outlined in the Materials and Methods section, and compared to standards made with
palmitic acid for each batch of reagent (R2≥0.95 for all). Fatty acid weights were compared to
estimates of cell dry weight (CDW) obtained from measuring optical density at 680 nm. These
time points represent log phase (7 days post inoculation), the offset of log phase (11 days), the
onset of stationary phase (16 days), stationary phase (30 days), and finally a culture two weeks
into stationary phase (44 days). By day 16 (16 days post inoculation), near-maximal lipid
accumulation per gram of cell dry weight had occurred suggesting that BODIPY dye imaging
was also depicting maximal lipid content of cells (Figures 25-27). The data show lipid
accumulation increases through growth reaching a maximum during stationary phase. This is
similar to other results published on many microalgae species.
Significance was evaluated using univariate analysis of variance using time as a fixed
factor due to alteration in growth phase through time. The analysis showed a significant
difference in the overall model (p=0.03). Post-Hoc analysis using Tukey HSD showed two
treatment which were annotated into Figure 28. Group (a) consisted of the 7, 11, 16, and 30 days
post inoculation groups while group (b) consisted of the 11, 16, 30, and 44 day treatment groups.
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Removing the 7 day group caused the overall model to become not significant (p=0.256) while
removing the 44 day group did not (p=0.015).

Figure 28. Differences in lipid accumulation for Monoraphidium sp. Dek19 grown in final
wastewater as culture progressed through log growth and into stationary phase. Columns
represent % oil composition (w/w) and scatterplot represents culture growth as measured by
extinction of light at 680 nm. Annotated groups above columns represent statistical significance
(p<0.05). Data for oil composition (% Oil) represent means of triplicate cultures in quintuplicate
± culture SD. Data for growth represent means of triplicate cultures ± SD.
Gravimetric Method
Gravimetric analysis of lipids from Monoraphidium sp. Dek19 was performed to
elucidate oil weight per unit of dry algal tissue and evaluate the accuracy of fluorometric and
colorimetric methods. Measurement of lipid content of Monoraphidium sp. Dek19 was
performed two different ways. The first was by repeated hexane extraction in a Soxhlet extractor
as described above to extract all neutral, non-amphipathic lipids. Oil composition was
determined in triplicate in these extractions by measuring the mass lost from a lyophilized algal
sample after hexane extraction. As this gravimetric approach requires large amounts of
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microalgae tissue, harvested algae from large scale growth experiments was used. Algae oil
composition for 380 L cultures grown for 35 days (see Figure 30), was found at 6.64±0.08%
(w/w; mean of triplicate cultures measured in triplicate, N=9). These data are higher but
comparable to the colorimetric analysis at a similar time (~5.4% for 30 DPI culture; Figure 28).
This measurement of oil percentage is lower than what was previously found in Holbrook et al.
(2014), though this comparison is to a total lipid extraction method using a modified Bligh and
Dyer protocol (Bligh & Dyer, 1959). This level is also lower than the maximum values reported
in publications on other Monoraphidium, but again, comparisons must be carefully considered
based on subset of lipids extracted (Bogen et al., 2013b; Huang et al., 2013; Yang et al., 2014;
Yee, 2016; Yu et al., 2012). Indeed, the measurement of total lipid extractions produces
detectably higher weights because pigments and other molecules are co-extracted. Additionally,
most published findings include more ideal algal growth conditions in standard media (e.g.
Bold’s) and generally use small culturing vessels of <1 L. In contrast, the present study was
completed in a “scale to industrial” volume in effluent media, which is more representative of
open pond growth conditions at a wastewater treatment facility.
The second method was by reflux of lyophilized algae biomass in hexane without the use
of a Soxhlet apparatus. Hexane extracts were collected periodically by decanting and filtration
by Büchner funnel fitted with 45 μm cellulose filters. Small particles were centrifuged out
before dried oil collections were transesterified to fatty acid methyl esters (FAMEs) by Adam
Hage. FAMEs were analyzed by gas chromatography with flame ignition detection (GC-FID).
Fatty Acid Content
The fatty acid profile of Monoraphidium sp. Dek19 was investigated in algae grown at
mesocosm (380 L) scale and laboratory (1 L) scale. FAME profile was analyzed by Microbial
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ID, Inc. on a gas chromatograph with a flame ignition detection unit (GC-FID). Figure 29 shows
a comparison of the two methods and relative fatty acid abundances along side other members of
Selenastraceae. Concentrations below 1% were disregarded from all profiles. Both sources
produce commonly seen fatty acids such as palmitic (16:0) and steric acid (18:0). Variation
exists however among treatments where degree of unsaturation is concerned. For instance,
Holbrook et al. (2014) showed 27.8% stearic acid and the 380 L cultures showed 16.1%.
However, oil from 1 L cultures showed <1% 18:1 fatty acids. A comparison of the sum of 18
carbon long fatty acids shows an ~25% difference among findings (83.8% - 58.3%). Similar
resuts are seen with 16 carbon chains (~29% range; 32.0%-12.1%). 380 L cultures showed the
presence of longer chain fatty acids not observed in the other two measurments of
Monoraphidium sp. Dek19 fatty acid profiles. The change to production of longer chain fatty
acids may be from light or temperature stress however more investigation is necessary to tease
apart the many potentially affecting variables. Finally, the overall data collected show that the
fatty acid profile of Monoraphidium sp. Dek19 is variable and is apparently stressed by
temperature and light though repeated analysis is necessary before strong claims can be made as
to what changes arrise in specific conditions.
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Figure 29. Comparison of fatty acid profile of Monoraphidium sp. Dek19 alongside other members of Selenastraceae. Though
species identity and treatment affect fatty acid profile, commonalities exist such as the presence of palmitic (16:0) acid and the
prevalence of oleic (18:1) acid over steric (18:0). “1 L” cells were grown in laboratory setting in 1 L flask at 10 °C with ~100
μmol photon∙m-2∙s-1 on a 14:10 day:night cycle. “380 L” cells were grown in large tanks in the NIU PMBC greenhouse and
experienced variable light and temperature. Results are similar to those found in Holbrook et al. 2014 with the exception of a
presence of 17:1 and 19:3 fatty acids. While more uncommon than even-numbered fatty acids, odd-numbered fatty acids are
created by plants and beta oxidization pathways exist for their catabolism (Nelson, Lehninger, & Cox, 2008). Alternatively these
may be artifacts of the transesterification method.
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M . sp. Dek19 ('14)
M . sp. Dek19 (1L)
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M . sp. FXY-10b
M . sp. SB2
M . sp. T4X
M. terrestre
M. tortile

83

84

Monoraphidium sp. Dek19 Growth at Large Scale
The majority of research efforts on the growth of microalgae have focused on the
evaluation of species at a microcosm or laboratory scale with the assumption that scaling up to
industrial levels behaves linearly. However, the use of small, sterile, axenic culture vessels may
result in overly optimistic measurements of growth and metabolite production. This study and to
some degree previous work with Monoraphidium sp. Dek19, sought to measure the effect of
scaling using a comparison of various large-scale growth vessels, each with different light
availability, temperature profiles, and mixing patterns.
Monoraphidium sp. Dek19 were grown in final effluent wastewater in 380 L
polyethylene tanks, 190 L pools, 19 L buckets, and 1 L flasks in the NIU PMBC greenhouse to
evaluate vessel appropriateness at mesocosm scale. Microalgae were grown three separate times
at this scale in August and November of 2014 and October of 2015. Greenhouse conditions were
kept cool by turning down heating and setup of additional circulation fans to give air
temperatures between 5-20 °C. Growth rates and overall growth curves were recorded using
extinction of light at 680 nanometers and converted to cell density and cell weight using the
equations mentioned above. pH, conductivity, salinity, total dissolved solids, temperature, and
light intensity were also recorded throughout growth. Typically, studies focused on the use of
the 380 L vessels as closest to industrial scale. Total biomass recovery was obtained by
flocculation of the culture, collection and drying of the algal mat, and weighing, or by
centrifugation of algal suspension from smaller vessels. Finally, oil accumulation and
composition from the 380 L vessels was measured by extraction in hexane and conversion to
fatty acid methyl esters prior to analysis via gas chromatograph into a flame ignition detection
unit (Figures 29).
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Growth in 380 L Volumes
Three side-by-side 380 L tanks in the NIU PMBC greenhouse were outfitted with a
mixing system designed to keep algae in suspension by creating a ‘cyclone’ of wastewater
rotating along the length of the tank (Figure 7). This was achieved by use of three aquaria water
pumps attached to an aluminum frame and submerged in each of three tanks. Additionally,
aeration pumps were used to inject atmosphere at an attachment point to the aluminum frame.
Each tank was filled with an operating volume of 380 L of final effluent wastewater as measured
by the gradations on the tank walls. Effluent was “shock” sterilized using hypochlorite bleach
and subsequently dechlorinated using sodium thiosulfate. Inoculum was provided from white 19
L buckets of Monoraphidium sp. Dek19 grown in an environmental growth chamber maintaining
10 °C with 100 μmols photons∙m-2∙s-1 on a 14:10 (D:N) light cycle.
A representative growth curve of Monoraphidium sp. Dek19 in these 380 L mesocosm
cultures is shown in Figure 30. Culture density tripled in the first three weeks at which point
carrying capacity of the culture was reached and a stationary phase was seen. Predictably,
between-replicate variation was higher than for cultures grown in an environment that was more
controlled for light and temperature. Culture density at stationary phase (~2.5∙106 cells) was
significantly lower than for smaller (1L) cultures grown in borosilicate flasks (~25∙106 cells).
Specific growth rate was also calculated as the maximum change in cell density (measured as
extinction of light at 680 nm) per hour and compared to specific growth rates from
Monoraphidium sp. Dek19 grown in other culture vessel designs (Figure 31). The 380L tanks
had the lowest specific growth rates of all vessel types.
Differences in carrying capacity and specific growth rates of 380 L cultures from
laboratory scale and open pool vessels may be due to lower light penetration through the 380 L
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vessel polyethylene tank walls. Each semi-cylindrical polyethylene tank reduced internal water
surface photosynthetic photon flux density to ~250 μmols photons∙m-2∙s-1 (Figure 30) from
greenhouse sunlight (1500-2000 μmols photons∙m-2∙s-1). Depth of culture and number of
suspended heterospecific and conspecific microalgae also attenuated light rapidly within the first
few centimeters. Additionally, a ‘biofilm’ of heterospecific green algae and bacteria reduced
light penetration through side walls to ~60 μmol photons∙m-2∙s-1. For the purposes of this
research however, it was presumed that Monoraphidium sp. Dek19’s ability to operate at low
light in laboratory cultures would minimize this effect (Davidson, 2013; Kirchner, 2015).
Further, wastewater temperature variations may have adversely affected growth. Wastewater
surface temperature and submerged temperature profiles, also recorded via HOBO probes,
revealed that despite surface temperatures as low as 9.4°C, the submerged temperature probe
never fell below 15.8°C. Mean submerged wastewater temperature was found at 19.5±1.5°C in
comparison to mean surface temperature of 17.8±5.4°C. Finally, maximum air/liquid interface
temperature (not shown) was recorded at 42.6°C while maximum submerged temperature was
23.7°C. In comparison, environmentally controlled cultures of Monoraphidium sp. Dek19
typically experience 10±0.1 °C. Another factor that may have contributed to this result was the
higher frequency of incidentally transferred, opportunistic heterospecific microalgae and
planktonic predators such as rotifers (1000-10,000 predators ∙ mL-1). Predators and
heterospecific microalgae may have been present in inoculum in small numbers and grew rapidly
in the conditions experienced by 380 L cultures, from non-sterilized equipment, or from
aerosolized water droplets in the greenhouse air. These possible introduction points are expected
in open-pond industrial growth, however, and screening of microalgae should take them into
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account. By comparison, in environmentally controlled 1 L cultures, very few heterospecific
species of microalgae (0-50 cells ∙ mL-1) and zooplankton (0-10 mL-1) are detectable.

Figure 30. Large-scale growth of Monoraphidium sp. Dek19 expressed as cell density (106 cells
∙ mL-1) in 380 L polyethylene tanks in the NIU PMBC greenhouse plotted with temperature (°C)
and photosynthetic photon flux density (μmols∙m-2∙s-1). Temperature was measured by
submerged data logger held at the base of the tank. Light intensity was measured at the surface
of effluent media contained in the tank with a floating data logger. Data for cell density are
means of triplicate cultures read in triplicate ± SD.
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Figure 31. Comparison of specific growth rates (million cells produced per hour) of
Monoraphidium sp. Dek19 grown in different culture vessels. Specific growth rate was
calculated for each vessel by comparing maximum ΔE680∙mL-1∙hr-1 and converting to cell density
using the common least squares regression from Figure 15. The vessels inherently provide
different temperature fluctuation, light availability, and mixing patterns. All vessels were grown
in the NIU PMBC greenhouse and experienced the same solar irradiance and air temperature.
Culture aeration and suspension were attempted maintained past a threshold after which little
variation is seen due to mixing (Hage, 2016). Data plotted are means of triplicate cultures ± SD.
Biomass Recovery and Oil Accumulation
Biomass was recovered via flocculation by introduction of concentrated potassium
hydroxide (KOH). Use of KOH to flocculate Monoraphidium is a technique developed recently
at NIU by Leroy Reinke and this is the first report of its usage at large scale. During preliminary
testing, it was shown to be effective as other methods of flocculation recovering including use of
ferric chloride. Algae suspension from each 380 L tank was pumped into 190 L cattle tanks.
Each 190 L vessel was then brought to a pH of ~11.5 via the introduction of 2L of KOH
solution. The molarity of each solution used was based on need and was obtained by measuring
the pH of each solution and calculating hydroxide ions needed as grams of KOH. After
flocculant was added, settling of algal cultures was rapid. Settling was allowed to occur over a
period of 1 hour however it was noted that the majority of settling transpired within 20 minutes
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of introduction. After settling, clear, purified wastewater was siphoned off and the dewatered
algal sediment was transferred to ~4 ft2 45 μm nylon mesh filters and allowed to dry in
atmosphere. Dried algae was removed to a glass bottle and lyophilized for 48 hours before
weight was measured.
Biomass recovery, measured as dry weight of flocculated microalgae combined across
three 100 gallon cultures, was found to be 111.73 grams. This mass represents lyophilized algal
mass after a correction (41.86%) was made to remove weight of added KOH flocculant in
samples. This estimation was based off algae grown in environmentally controlled conditions
and flocculated with KOH and is defined by the equation 𝑔𝑟𝑎𝑚𝑠 𝑝𝑒𝑟 𝑙𝑖𝑡𝑒𝑟 = 0.3312(𝐸680 ) +
0.1538. The regression for cell dry weight (CDW) and extinction of light at 680 nanometers
was used to estimate maximum possible recovery from tanks. A comparison the estimated and
observed weights reveals that approximately 77.58% of predicted biomass was recovered. This
large difference may be explained by a skew of predicted values as a result of an increase in
chlorophyll per cell due to lower light conditions. Thus, the predicted values would be
artificially higher.
Extraction of neutral oils was performed in triplicate on lyophilized algae mass in a
Soxhlet apparatus. n-Hexane in 150 mL volumes was used at rate of 1 cycle per 10 minutes.
Extraction was allowed to continue until ~70 cycles had occurred. Oil composition in
percentage (w/w) for 4-5 gram samples was determined by measuring loss of tissue weight.
Mean oil percentage was found to be 6.64±0.08% of cell dry weight. Notably, the
aforementioned potential difference in chlorophyll to cell density applies to this finding as well.
Here, the difference would result in an artificially lower oil composition.
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Growth of Monoraphidium sp. Dek19 in Different Wastewater Types
The growth of Monoraphidium sp. Dek19 was evaluated in four different wastewaters to
elucidate the effects of innate predator load and composition, and nutrient availability.
Ultimately, this study sought to establish whether algae could be used in an earlier treatment step
than final effluent, including the energy-demanding activated sludge process. Algae were grown
in final effluent, post-primary filtration effluent, activated sludge, and final effluent from the
activated sludge process as described in Materials and Methods above. To evaluate the effects of
zooplankton, bacteria, and other potential biotic stressors specifically, sterilization was used as a
treatment factor. Due to use of non-sterilized municipal wastewaters, culturing conditions were
different than other investigations in this study in order to contain incompletely treated sewage,
which is regarded as a biohazard.
Culture media was either sterilized via autoclave, or left unsterilized. Inoculum was
mixed with media and homogenized before partitioning into 250 mL Erlenmeyer growing flasks.
In compliance with NIU IBC Protocol # S14-0010, all cultures were sealed with Parafilm and
kept in suspension by using a rotary shaker at 200 rpm with no injection of atmosphere.
Culturing conditions were ~80 μmols photons∙m-2∙s-1 on a 14:10 day-night cycle at a constant 10
°C. Growth curves were monitored directly via hemocytometer counts as optical density was
inappropriate given the variable amount of suspended organic debris between samples.
Additionally, organic solids in the activated sludge treatment were prevalent and often
aggregated, further complicating any possible spectrophotometric readings.
Growth curves for Monoraphidium sp. Dek19 in four wastewaters are plotted in Figure
32. For non-sterilized effluent sources (Fig. 33, panel A), Monoraphidium sp. Dek19 grew most
quickly in final effluent waters (Final Effluent and “Activated Sludge – Final”) showing minimal
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effect of biotic stress in those media types. Microalgae growth in unsterilized activated sludge
(highest predator load) media was slow though rate of cell division increased towards the end of
the experiment. It is possible that with a larger initial population density, Monoraphidium sp.
Dek19 may grow readily in activated sludge. Primary effluent showed moderate growth rates
between the final effluents and activated sludge. This trend also follows the amount of
suspended solids and debris which act as inhibitors to light availability for photosynthetic
organisms. For sterilized cultures (Figure 32, panel B), activated sludge – final effluent showed
the highest population density at the end of the experiment. Interestingly, after a similar lag
phase as described with unsterilized effluent, activated sludge displayed the same high specific
growth rate, surpassing other effluent types including the more common final effluent type.
Comparatively, Monoraphidium sp. Dek19 grew marginally to significantly better in nonsterilized wastewaters. Final effluent was most affected by autoclave, with a large reduction in
specific growth rate (paired t-test; p=0.031). There was a general 2-4x reduction in specific
growth rate of Monoraphidium sp. Dek19 due culturing conditions when compared to aerated
flask cultures (0.02±0.00*106 cells∙mL-1∙hr-1 and 0.074±0.01*106 cells∙mL-1∙hr-1). The data
imply that cells grown in sterilized wastewater are perhaps slower growing than those in similar
yet nonsterile conditions. It is possible these differences may be artifacts of precipitation of
inorganic phosphate, availability of CO2, or loss of nitrifying bacteria.
Significance in peak specific growth rates (SGR) was found using a model including all
eight treatments (p<0.001). Two individual ANOVAs of peak SGR among non-sterile and
autoclaved samples showed significant separation (p=0.001) and no significance (p=0.364)
respectively. Pairwise comparisons of non-sterilize cultures showed the final effluent and
“activated sludge – final” treatments as the most rapidly dividing cultures. Paired sample t-tests
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showed a significant difference in peak specific growth rate of the final effluent cultures alone
(p=0.031) while all others were not significant (p≥0.243).

Figure 32. Growth of Monoraphidium sp. Dek19 in Final Effluent (F), Primary Influent (P),
Activated Sludge (AS), and Final Effluent from the Activated Sludge Facility (ASF) in both
unsterilized (Panel A) and sterilized (Panel B) conditions. Cells were cultured in Parafilm sealed
250 mL volumes on an orbital shaker at ~200 rpm. Temperature was maintained at 10 °C and
light was ~80 μmol photons∙m-2∙s-1. Data represent means of triplicate cultures ± 95% CI.
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DISCUSSION
Summary
Monoraphidium sp. Dek19 is a chlorophyte alga native to Illinois. It belongs to the
family Selenastraceae, a group receiving attention recently for their phycoremediation and
biofuel precursor synthesis capabilities (Bogen et al., 2013b; Dhup & Dhawan, 2014; He, Yang,
Wu, & Hu, 2015; Holbrook et al., 2014; Huang et al., 2013; Kirchner, 2015; Krienitz et al., 2001;
Patidar et al., 2014; Yang et al., 2014; Yee, 2016). This species has been shown to be capable of
prolific growth in municipal wastewaters, rapidly growing to high cell density (Davidson, 2013;
Kirchner, 2015). During growth, Monoraphidium sp. Dek19 can rapidly sequester excess
nutrients found in wastewater that may contribute to cultural eutrophication (Hu, 2004). Past
research has also shown potential use of algal biodiesel made from isolated oils of
Monoraphidium sp. Dek19 (Holbrook et al., 2014). Preliminary work on the production of
Monoraphidium sp. Dek19 at large scale has also been accomplished (Davidson, 2013; Holbrook
et al., 2014). Further, competition studies have shown the species can compete with native
species of model genera such as Chlorella and Scenedesmus, especially when grown in coldwater temperatures (Kirchner, 2015). The combination of high growth rates, competitiveness,
phycoremediation capability, and lipid accumulation made Monoraphidium sp. Dek19 a worthy
candidate for microalgae research.
The euryhaline microalga Chlorella sp. and the freshwater, stenohaline Monoraphidium
sp. Dek19 were grown in wastewater in a range of salinities (1-9 ppt). Predictably, Chlorella sp.
was not greatly affected by salinity, showing no differences in specific growth rate, carrying
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capacity, phycoremediation, or oil accumulation. Monoraphidium sp. Dek19 grown at salinities
above 3 ppt showed reduced specific growth and carrying capacity yet equal cell-depleted
nutrient sequestration rates and increased lipid accumulation. This allows Monoraphidium to
withstand fluctuations in salinity past what is seen at the DeKalb Sanitary District and perhaps be
a tool for rapidly removing nutrients in, but not rapidly reproducing in, brackish wastewaters.
Monoraphidium sp. Dek19 was also grown in four wastewaters from throughout the
wastewater treatment process at the DeKalb Sanitary District (DSD). All wastewater media
contained similar initial concentrations of phosphate and nitrogen though oxidization state of
nitrogen depended on treatment phase (Kirchner, 2015). With regards to phosphate, levels
detected in any wastewater were significantly higher than concentrations in samples from the
Kishwaukee River (Table 2). Concentrations of nitrogen were also elevated in final wastewaters.
The successful growth of Monoraphidium sp. Dek19 in all wastewaters tested demonstrates a
tolerance to a range of phosphate-to-nitrogen concentrations and a resistance to algae predators
and parasites in non-sterilized conditions.
Microalgae were also grown at large scale (19 – 380 L) to evaluate scalability to semiindustrial volumes. Monoraphidium sp. Dek19 grew most rapidly in vessels with high surface
area to volume ratios yet low productivity cultures still increased in cell density. Algae biomass
could be successfully harvested by inducing flocculation with the addition of low-cost potassium
hydroxide, a novel flocculant in this family of microalgae (but see Schlesinger et al. (2012)).
Solvent extraction of dried biomass showed neutral lipid accumulation, a metric not yet reported
in Monoraphidium sp. Dek19. Lipids were converted to fatty acid methyl esters and fame profile
was determined in two culturing conditions.
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Predicting Monoraphidium sp. Dek19 Dominance When Grown in Wastewater Using
Environmental Data from the DeKalb Sanitary District
From environmental data from the DeKalb Sanitary District (DSD) and empirical
evidence of specific growth rates in respective wastewaters, an overall prediction of when
Monoraphidium sp. Dek19 grown in final effluent wastewater for the purpose of
phycoremediation is appropriate, was made. Without considering biotic effects, Monoraphidium
sp. Dek19 may be grown year round in all conditions recorded from the DSD. Competition by
native species which better compete for resources above 15 °C limit Monoraphidium sp. Dek19
success to ~50% of the year during the cooler months from November to May (Figures 8 & 9).
The most rapid growth of Monoraphidium sp. Dek19 in large culture (190 L) was 0.085*106
cells∙mL-1∙hr-1. During this time, suspended solids (SS) in effluent wastewater fluctuate within
the full range measured however earlier months show lower SS values (Figure 13). Growth of
Monoraphidium sp. Dek19 in influent wastewater however is more problematic with nitrogen
mainly available in the more reactive form of ammonium. Additionally, suspended solids are at
a maximum in influent waters, blocking the most light from photosynthetic microalgae. Though
specific growth rates are reduced, productivity in influent is possible; a statement backed by
evidence shown in Figure 31 and Kirchner (2015). Alternatively, a mixture of influent and
effluent wastewaters may be used as a growth media, allowing a partial bypass of the costly
aerobic digestion secondary treatment step. The data here show further evidence that
Monoraphidium sp. Dek19 is in fact suited for a dual-species phycoremediation technology
utilizing a cold adapted species during the winter months. Appropriate application of the species
should allow the treatment of contaminated wastewaters in colder months.
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Growth conditions for large-scale microalgae-based technologies are almost always
solely dependent on physical and chemical surroundings in a given location and time (Chisti,
2016). This is because maintenance of virtually any condition is costly due to the total volume
of liquid needed for microalgae growth. To date, very few facilities have incorporated
microalgae into wastewater treatment steps, instead preferring to use established, conventional
technologies despite relatively high energy costs associated with their operation. Reluctance to
invest in microalgae-based technology is understandable given the large investment in
infrastructure needed (Davis et al., 2014). Individual large-scale pilot experiments are similarly
impractical and instead modeling approaches and estimates are often used to approximate growth
of microalgae at scale (Chiaramonti et al., 2013). However, modeling of outdoor growth of
microalgae is complex and complete detailing of growth parameters, industrial vessel design, and
budgeting is difficult. This study attempted to use relevant growth conditions in terms of
temperature, dissolved nitrogen and phosphorus, suspended solids, carbonaceous biological
oxygen demand, and total throughput from public “bench sheet” data obtained from the DeKalb
Sanitary District to make rough predictions of the success of Monoraphidium sp. Dek19 grown
at industrial scale in the Midwest. This data is of interest as it provides information on when
specific species of microalgae may be used as wastewater treatment tools in the Midwest (Zhang,
Kusiak, Zeng, & Wei, 2016). Past research and that presented here has shown the ability of
Monoraphidium sp. Dek19 to grow at low temperature and photon flux density, and remain the
dominant microalgae when faced with other native species (Davidson, 2013; Kirchner, 2015).
Work presented here also investigated the growth of the species at large scale during the winter
months when low temperatures became unfavorable for growth of many algal species previously
suggested for biofuel production and phycoremediation (Neofotis et al., 2016; Pragya, Pandey, &
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Sahoo, 2013). The success of Monoraphidium sp. Dek19 grown outdoors throughout the year
remains to be demonstrated empirically, but it can be projected from data presented here.
Understanding optimal temperatures for the growth of specific microalgae species is
necessary for the application of microalga phycoremediation technologies. Temperature
experienced by microalgae is directly related to the overall productivity of microalgae cultures
by a number of mechanisms (Barsanti & Gualtieri, 2014; Chisti, 2016; Converti, Casazza, Ortiz,
Perego, & Del Borghi, 2009). Additionally, lower productivity at cool temperatures has often
been mentioned as a barrier to applications of microalgae technologies (Chisti, 2013, 2016;
Sheehan et al., 1998). Cultivation temperature affects biomass productivity and may alter, either
directly or as a response, metabolism of microalgae (Davison, 1991). Temperature also affects
bioavailability of some chemical nutrients in culturing media for use by microalgae. For
instance, gas solubility in water increases as temperature decreases, which will lead to higher
concentrations of dissolved CO2 and O2 (Weiss, 1974). The solubility of CO2 increases more
rapidly than that of O2, leading to slightly higher availability of carbon in cooler temperatures.
This increase in CO2 however is eclipsed by the overall lower ambient kinetic energy in cold
cells which slows cell metabolism (Chisti, 2016). When considering cooler temperate climates,
local isolates are often considered as they are preadapted to the environmental conditions (Park,
Whitney, Kozera, O'Leary, & McGinn, 2015). As demonstrated in Nanochloropsis oculata H by
Converti et al. (2009), temperature optima for microalgae may exist at temperatures lower than
20 °C. Similarly, Park et al. (2015) showed that some species isolated from a Nova Scotian
wastewater treatment facility were more productive than others at 10°C. Tran et al. (2014)
showed the continual cultivation of Scenedesmus spp. over 6 months from December to June in a
100 m raceway pond in Spain. During this time, media temperatures were as low as 6 °C and
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spanned 5-15 °C for the first three months of growth. These temperatures are similar to those
observed at the DeKalb Sanitary District. Previous work with Monoraphidium sp. Dek19 has
shown increases in specific growth rates and photosynthetic rates as temperature increases
(Kirchner, 2015). Interestingly though, carrying capacity of Monoraphidium sp. Dek19
cultivated in warmer temperatures is lower than when cultivated in cooler temperatures.
Analysis of the data from the DeKalb Sanitary District show relatively cool average
temperatures and that some maintenance of wastewater temperature occurs, likely through
geothermal synchronization. Because of the documented succession of other native species of
microalgae sampled from the DeKalb Sanitary District to Monoraphidium sp. Dek19 at
temperatures ≤15 °C, a rough assumption can be made that the species will likely exist as the
dominant microalga in these conditions given sufficient nutrients and photon flux density
(Personal Obs.; Davidson, 2013; Holbrook et al., 2014; Kirchner, 2015). A more conservative
estimate based on investigations in this work and in Kirchner (2015) is that M. sp. Dek19 will
remain dominant at ~10°C. Mapping these assumptions to the temperature profiles of
wastewater at the DSD reveals that Monoraphidium sp. Dek19, given appropriate initial starting
conditions and infrastructure, should become and remain the dominant microalgae from
November to May. This projection is further encouraged by the observed presence of unicellular
green microalgae in wastewaters in low quantities year round.
The variability in nutrient availability at the DeKalb Sanitary District offers an interesting
perspective on nutrient fluctuation in wastewater, and a challenge for microalgae
phycoremediation. Phosphate and Nitrogen concentrations in the DeKalb Sanitary District
fluctuate through time for a variety of reasons. A possible predictor of ion concentration is
wastewater flow through the treatment facility as logically dilution by rainfall or snowmelt may
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decrease ion concentration. Monoraphidium sp. Dek19 has been shown to grow in a wide of
range nitrate and phosphate concentrations (Hage, 2016; Kirchner, 2015). The microalga has
been shown to withstand high concentrations of ammonium from wastewaters not yet processed
with nitrifying microbes (Figure 31; Kirchner, 2015). The use of pre-process wastewaters
further indicates Monoraphidium sp. Dek19’s ability to grow in a range nitrogen and phosphorus
concentrations. As is shown in Figure 10, incoming ammonia decreases as flow increases when
sharp peaks in throughput volume occur such as in mid-March. However, throughput cannot
account for large increases in ammonia levels in the fall and spring. A possible explanation for
the increased ammonia levels is that the DeKalb Sanitary District serves Northern Illinois
University. For example, the facility experiences considerable seasonal variation in the number
of people releasing organic matter into the sewer system. Roughly 20,000 students leave the city
at the end of fall and spring semesters leaving only the permanent residents. This causes a sharp
decrease in influent loads entering the sanitary district. Similarly, phosphorus depicted in Figure
11 shows an increase in the fall months and lowest concentrations during the summer months.
As Monoraphidium sp. Dek19 grow readily in every combination of nitrogen and phosphorus
concentrations evaluated, no nutrient barriers (with respect to N and P) should diminish algal
productivity when grown in final effluent water of the DeKalb Sanitary District though further
tests are needed to elucidate maximum N and P uptake rates. The data also show that, especially
for phosphorus, wastewater at the DeKalb Sanitary District is above what is observed in the
Kishwaukee River year round.
Suspended solids were evaluated as a limitation to light availability. Conversely,
biological oxygen demand was evaluated as a measure of need for an oxygen evolving
photosynthesis-based wastewater treatment technology. Differences in suspended solids
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between influent and effluent wastewaters (27 fold difference) were greater than differences seen
in specific growth rate of Monoraphidium sp. Dek19 grown in primary and final effluent
wastewaters (2.5 fold difference). For influent wastewaters specifically, this means that a large
increase in suspended solids may only show relatively small decrease in specific growth rate.
Biological oxygen demand (mg∙L-1) was compared to oxygen evolution by Monoraphidium sp.
Dek19 (shown in Figure 21). This comparison revealed that, assuming optimal light availability
for cells, Monoraphidium sp. Dek19 can entirely offset the demand of influent (factor of 12 more
than consumption) and effluent (factor of 31.0 more than consumption) wastewaters.

Growth of Monoraphidium sp. Dek19 in Wastewater under Salt Stress
Prior to this work, the salinity tolerance of Monoraphidium sp. Dek19 had not been
investigated. Salt stress has been shown to impact microalgae growth and neutral lipid
accumulation (Bogen et al., 2013b; El Arroussi et al., 2015; Ra, Kang, Kim, Lee, & Kim, 2015;
Takagi, Karseno, & Yoshida, 2006; Yang, He, & Hu, 2015; Yang et al., 2014; Yeesang &
Cheirsilp, 2011). As wastewater salinity is variable over spatial and temporal ranges, and may
be brackish (0.05%-3% w/v salt) and saline (3-10% w/v) sensitivity of species to salt stress is
important to document especially when considering organisms isolated from freshwater (<0.5%)
sources (Kargi & Dinçer, 1998; Shi, Zhang, Liu, Zhu, & Xu, 2011). An example in the Midwest
is the comparison of the DeKalb Sanitary District (DSD) (41.943715, -88.740818) to the Rock
River Water Reclamation District (RRWRD) (42.222390, -89.088120). Despite being only 26
miles apart, final effluent wastewater salinity from the DSD has an average of 0.97±0.04 ppt
(Max: 1.23 ppt) while equivalent wastewater from RRWRD has an average salinity of 0.27±0.3
ppt (Max: 0.37 ppt). Differences in salinity may also be perceived through time. Sing et al.

101

(2014) showed that evaporation in a large, outdoor paddle-wheel growth pond caused an increase
in salinity in an artificial saltwater growth media.
Growth and Productivity
The majority of research on the influence of wastewater salinity to date has focused on
biomass and lipid productivity of microalgae as feedstocks for biodiesel or biogas technologies
with little regard for effects on phycoremediation potential. This is due to an observed effect of
increased lipid accumulation when under salt stress (Barsanti & Gualtieri, 2014; Yee, 2016). As
phycoremediation capacity is linked to productivity, biomass accumulation may be loosely used
as an analog to nutrient removal, though variation and interactions may well exist. Further,
biomass accumulation in rapidly growing cultures does not afford a measure of change to
“luxury uptake” in microalgae (Droop, 1973). Logically, variation in growth due to salinity is
species dependent with some organisms being marine, brackish, or freshwater specialists
(stenohaline) or halo-generalists (euryhaline). Interestingly though, variation can not only occur
with a genus, but within species strains. Yeesang (2011) found that among four strains of
Botryococcus spp. grown in a range of salinities, alteration in specific growth rate and carrying
capacity could result from an increase in salinity of ~2.5 ppt (43 mM). This range fits within
variation seen from freshwater to some wastewater sources. More broadly and within
Selenastraceae, Bogen et al. (2013a)reported the “survival” of Monoraphidium contortum when
grown in wastewater up to 5 ppt (85 mM) sodium chloride. In particular, the authors noted
reduced specific growth rates and overall biomass accumulation with increasing algal lipid
accumulation as salinity increased. Yang et al. (2015) performed a more exhaustive
investigation into the effects of salinity on growth and lipid productivity in Monoraphidium
dybowskii LB50 by including “two-stage” cultivation techniques using NaCl stress following
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growth in low salinity media. The evidently more euryhaline M. dybowskii LB50 also exhibited
reduced growth rates as salinity increased though the onset of stationary phase was not observed
in 15 days of growth. This effect was magnified when grown in less controlled outdoor
conditions. The authors noted that loss in biomass accumulation was counteracted by a shift in
lipid production, resulting in equivalent overall lipid productivity in salinities ranging from 0-20
ppt. Monoraphidium sp. Dek19 show lower specific growth rate when grown in wastewaters
approaching 6 ppt (102.67 mM) salinity (Figure 15). Biomass accumulation, cell density, and
OD680 are also reduced past 6 ppt though no significant difference in the relationship between
cell density and OD680 was found when comparing regressions (Figures 14 & 17). By
comparison, the euryhaline Chlorella sp. evaluated showed no difference in maximum specific
growth rates, biomass accumulation, or comparisons of OD680 to cell density. The differences
show that while Monoraphidium sp. Dek19 is sensitive to wastewater salinity it nonetheless
grows without measurable differences in productivity across the range of salinities measured at
the DeKalb Sanitary District.
Photosynthesis under Salt Stress
Photosynthetic properties of Monoraphidium sp. Dek19 grown in wastewater under salt
stress were measured. The rate of photosynthesis and pigment concentrations were recorded for
cells grown in 1, 3, 6, and 9 ppt NaCl. This was of interest for a few reasons: 1) To determine
whether Monoraphidium sp. Dek19 cultures at lower cell densities due to salt stress had
comparable rates of photosynthesis. 2) To determine if the low light provided (80 μmol
photons∙m-2∙s-1) to growing cultures was saturating photosystems. 3) As mentioned, microalgae
may have the ability to offset oxygen demand in several wastewater sources by evolving O2 into
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growth media. 4) To show any effect of wastewater salinity on the metabolism of photosynthetic
pigments.
It is most likely in this case that Monoraphidium sp. Dek19 cells have undergone
photoacclimation to saturate photosystems at 80 μmol μmols photons∙m-2∙s-1. Monoraphidium
sp. Dek19 grown in wastewater under salt stress (1, 3, 6, and 9 ppt) showed equivalent
photosynthetic rates per milliliter of culture, indicating that despite significantly lower cell
density, cells suspensions were photosynthetically active and made use of equivalent amounts of
incident solar radiation (see Figure 21). Specifically, no difference in photosynthesis rates was
seen under the two evaluated light intensities (80 and 300 μmols photons∙m-2∙s-1) (p>0.05) and no
difference in amount of total phytopigments per cell were found (p>0.05) among treatments.
Peak photosynthetic rate of these cultures was found at 0.50±0.06 μmols O2 ∙ mL-1. Because cell
densities were different, and cell dry weight and chlorophyll content closely reflected cell
density, photosynthetic rate per million cells, gram of dry algal tissue weight, and μgram of
chlorophyll were related. Maximum photosynthetic rates for each of these were found in the
highest salinity treatment (9 ppt) (e.g. 213.37±334.54 μmols O2 ∙ mg chl-1 ∙hr-1). This peak rate
is higher than the maximal evolution rate described in Kirchner (2015) (159.7 μmols O2 ∙ mg chl1

∙hr-1) likely due to shading effects.
The findings here indicate that light saturation in Monoraphidium sp. Dek19 can occur at

80 μmols photons∙m-2∙s-1 for cultures grown at 10 °C and ~80 μmols photons∙m-2∙s-1, a finding
shared with a previous investigation into Monoraphidium sp. Dek19 grown in similar conditions
with no salt stress (Kirchner, 2015). The equal photosynthetic rates between cells tested at 80
and 300 μmols photons∙m-2∙s-1 indicate that cells are achieving a maximum fixation rate at 80
μmols photons∙m-2∙s-1. Three options exist for cells’ response to the elevated light levels. The
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first is that the photosystems present in the microalgae along with overall cell density do not
overly stress photosystems and cells uptake the irradiance readily. This is unlikely to be the case
here as an increase in energy photon flux should be linearly proportional to oxygen evolution
(Taiz & Zeiger, 2010). The second is photoacclimation by modification of photosystems. This
is also unlikely to be the case here as this response takes time and cells were tested immediately.
Saturation of the photosynthetic pathway or photoinhibition may occur. Here, pigments are
absorbing light more quickly than what can be used by the associated photosystems. Excess
energy collected is then given off as heat or fluorescence. Additionally, photoinhibition may
cause by degradation of photosynthetic pigments and photosystem centers can occur when cells
receive light past their saturation point (Chisti, 2016; Powles, 1984). Though difficult to tease
apart here, a further limiter to overall O2 evolution that may have been observed when evaluating
algae tissue is photorespiration. Photorespiration occurs when high concentrations of O2 causes
ribulose-1,5-bisphosphate carboxylase/oxygenase to fix O2.
Of these options, it is most likely in this case that Monoraphidium sp. Dek19 cells have
undergone previous photoacclimation to saturate photosystems at 80 μmol μmols photons∙m-2∙s-1.
When shown 300 μmols photons∙m-2∙s-1, photoinhibition occurs. The process is slow enough
that it does not immediately degrade photosystems to the point where this effect is detected;
possibly due to the number of cells in solution acting to buffer the effect. Future research needs
to establish the exact degree to which Monoraphidium sp. Dek19 can adapt to low light
conditions. In addition, tests using low cell densities should elucidate the effect of suddenly high
irradiance on photosystems. Finally, photosynthetic rates in deeper water should be investigated
for use at larger scales where light is attenuated by depth and self-shading by con- and heterospecifics occurs.
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Phycoremediation of Municipal Wastewater under Salt Stress
Little has been reported on alteration of nutrient uptake in microalgae when under
increasingly severe salt stress. Data presented here show that Monoraphidium sp. Dek19
maintain luxury uptake of nitrate even when experiencing wastewater salinity that greatly
reduces specific growth rate and final culture cell density. Nitrate removal in cells that were not
nitrogen starved showed marginal reduction in removal rates. Nitrate removal by
Monoraphidium sp. Dek19 showed that N starved cells can incorporate up to ~47.8% (w/w) of
nitrogen into their cells within 48 hours (ΔNO3- / CDW).
Removal rates of phosphate after initial luxury uptake seem to reflect remaining
phosphate concentration and all treatment depleted at approximately the same DPI (days post
inoculation). Interestingly, Monoraphidium sp. Dek19 does show a change in luxury uptake of
phosphate due to salt stress. Specifically, maximum phosphate uptake in phosphate starved cells
grown in wastewater with salinity of 1 ppt was 0.174.3±0.01 μg∙106cells-1∙hr-1 while replete cells
showed ~0.009 μg∙106cells-1∙hr-1. Phosphate starved cells grown in wastewater with salinity of 9
ppt showed 0.065±0.015 μg∙106cells-1∙hr-1. Similar variation in nitrate removal rates were seen
in depleted and replete conditions. In situations where nutrient removal rates become limited by
saturation of cells with the relevant ion, specific growth rate in the wastewater growth media
becomes the analog to pollutant removal.
Phosphate uptake is assumed to occur in microalgae primarily in the inorganic form of
orthophosphate (PO4-) by use of use of pyrophosphate binding proteins and transport across the
membrane (Rausch & Bucher, 2002). Additionally, microalgae may contain surface
phosphatases for digesting organic sources. Even in cases where organic sources are used,
orthophosphate is present externally and transported into the cell. It has been shown in a species
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of Chlamydomonas, among others, that during phosphate starvation, phosphate starvation
response (PSR) genes are expressed which act as supplemental binding sites (Briat, Rouached,
Tissot, Gaymard, & Dubos, 2015; Wykoff, Grossman, Weeks, Usuda, & Shimogawara, 1999).
The exact action of these proteins is somewhat unclear though some phosphate transport seems
to co-occur with sodium in yeast (Roomans, Blasco, & Borst-Pauwels, 1977). Additionally
Roomans et al. (1977) describe a salt independent pathway, which is seemingly present in
Monoraphidium sp. Dek19. The findings presented here seem to indicate that phosphate
starvation response proteins in Monoraphidium sp. Dek19 are salinity (NaCl) dependent and
reduce functionality at high salinity.
Further research is needed however to fully elucidate luxury phosphate removal response
of the species when grown under salt stress. It also remains to be seen whether this effect is
specific to Monoraphidium sp. Dek19 or other freshwater or marine microalgae. With respect to
nitrogen, as uptake rates seem to be minimally affected for nitrate usage, researchers may focus
on uptake of other forms of nitrogen (Urea, ammonia, etc.).
Lipid Accumulation
Most research done to date on salinity stress in microalgae has focused on lipid
accumulation for biofuel applications (Barsanti & Gualtieri, 2014; El Arroussi et al., 2015; Ra et
al., 2015; Takagi et al., 2006; Wang, Ullrich, Joo, Waffenschmidt, & Goodenough, 2009; Yee,
2016; Yeesang & Cheirsilp, 2011). Notably, a large portion of the species previously
investigated are marine species and the effect of elevated salinity on freshwater microalgae lipid
accumulation in terms of overall mass and fatty acid profile is not as well known (however, see
Yeesang & Cheirsilp, 2011). In this study, the freshwater microalga Monoraphidium sp. Dek19
was grown in final effluent wastewater under salt stress and analyzed for potential increases to
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lipid accumulation. Lipid accumulation was contrasted by a euryhaline species of the genera
Chlorella. This data was obtained by staining with BODIPY 505/515 dye. The application of
this dye has only been recently published for use in Selenastraceae and functions well in
Monoraphidium sp. Dek19. Fluorescent micrographs captured on a confocal microscope were
analyzed using ImageJ to determine calculated total cell fluorescence (CTCF). Cells were
imaged 16 days into growth displaying cells in stationary phase. Kirchner (2015) previously
reported a significant accumulation of lipids in Monoraphidium sp. Dek19 when in stationary
phase when compared to cells in log-growth phase.
Significant increases were seen in Monoraphidium sp. Dek19 cells grown in wastewater
with higher salinity than control wastewater (6 and 9 ppt). Specifically, Monoraphidium sp.
Dek19 grown in wastewater with 6 ppt salinity saw a 37.0% increase in lipid accumulation and
cells experiencing 9 ppt salinity saw a 50.5% increase. No differences were seen in the
euryhaline Chlorella sp. across the range of salinities tested. The findings here indicate that a
response mechanism for elevated salinity in the freshwater microalga Monoraphidium sp. Dek19
species begins at a salinity of between 3-6 ppt. Incorporating growth data, this response
mechanism seems to shift cell metabolism away from reproduction and towards accumulation of
internal energy storage. It is interesting to note however that if increasing salinity is indeed used
by Monoraphidium sp. Dek19 to perceive a situation where it may need larger internal energy
stores, it specifically lacks the ability to maintain its rapid phosphate uptake.
A possible rationale for this overall effect is that the responses are part of an evolved life
history trait. Specifically, elevated salinity may be an indicator to microalgae of impending
desiccation. This is most easily rationalized by an example of cells in a temporary pond which
as water evaporates, sees an increase in dissolved ions. Indeed, Monoraphidium sp. Dek19 cells
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may exhibit these traits however far more research is needed before this claim can be accepted.
Further, given long enough exposure time, Monoraphidium sp. Dek19 may adapt to more saline
environments, though this was not studied here. To elucidate whether this is the response of the
species, future research may focus on differentially expressed genes between salinity treatments,
scanning for upregulation of traits which may confer desiccation resistance.
Microalgae at Large-Scale
Alterations to productivity and remediation ability as microalgae culturing is taken from
well controlled laboratory settings to outdoor environments must be investigated. The majority
of research to date has focused on the growth of microalgae at a laboratory scale (0.1 – 1 L
volumes) with the assumption that scaling up to industrial levels behaves linearly. In addition,
the use of these culture conditions may result in overly optimistic measurements of growth and
metabolite yield. This study confirmed changes to specific growth rate and carrying capacity in
cultures grown at large scale. These differences were in part due to changes to vessel design
however changes are somewhat necessary as borosilicate photobioreactors have repeatedly been
shown to not be financially feasible (Chisti, 2016).
Growth Rates and Conditions
Growth of Monoraphidium sp. Dek19 at large scale depended on surface area of the
culture above other factors including temperature. Microalgae grown in shallow, cylindrical 190
L pools in the NIU PMBC greenhouse at 10 °C showed the highest productivity of all large
cultures tested (0.085*106 cells∙mL-1∙hr-1). The specific growth rate of these cultures surpassed
even 1 L cultures grown in environmental chambers (0.074*106 cells mL-1∙hr-1). When
comparing even larger 380 L cultures (0.021*106 cells∙mL-1∙hr-1), specific growth rate was
significantly reduced despite higher temperatures which should aid microalgae productivity. The
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findings here show that polyethylene tanks have ¼ the peak specific growth rates of open
cultures.
Biomass and Oil
Collected algae biomass was lower than predicted amounts (77.58%). However during
large-scale flocculation using KOH, some loss was expected. This is the first demonstrated use
of KOH mediated flocculation on large volumes of a member of Selenastraceae. Collected algae
tissue was lyophilized and extracted using a Soxhlet apparatus. Tissue was found to contain
6.64±0.08% meaning ~ 7.4 g of oil was produced during this growth. Assuming the majority of
oil is Triolein (18:1 triglyceride; density = 0.95 g∙cm-3), this corresponds ~7.8 mL of oil
produced.
Fatty acid profiles of extracted oil was compared to previously measured oils from
Monoraphidium sp. Dek19, oil from M. sp. Dek19 growing in 1 L culture, and other members of
Selenastraceae (Figure 29). In general, the oils presented in this work had a higher degree of
unsaturation especially when considering 18 carbon chains. This is similar to findings in
Monoraphidium sp. FXY-10 (Huang et al., 2013; Yu et al., 2012). Nascimento, Dublan Mde,
Ortiz-Marquez, and Curatti (2013) found that in Ankistrodesmus falcatus C113, Ankistrodesmus
fusiformus C111, and Kirchneriella lunaris C118, linoelinc (18:3) fatty acids were common
(26.3-39.7%). In addition, the data indicate that the fatty acid profile of Monoraphidium sp.
Dek19 is variable and affected by culturing conditions. Unfortunately, the profiles shown here
may produce poor biodiesel if transesterified for biofuel (see Hage (2016) for discussion).
Luckily though, degree of unsaturation does not matter greatly to microalgae processed through
hydrothermal liquefaction as the process may utilize pretreatment conversion of poly unsaturated
fatty acids to monounsaturated or saturated fatty acids (Leow et al., 2015).
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Growth of Monoraphidium sp. Dek19 in Different Wastewater Types
Wastewater sources are often the topic of research as they contain unique blends of
particulate and dissolved compounds (Cabanelas et al., 2013). Monoraphidium sp. Dek19 was
grown in final effluent, primary, activated sludge, and activated sludge clarifier wastewaters of
the DeKalb Sanitary District (Figure 32). In addition, cells were cultured in sterilized and
unsterilized versions of these wastewaters. Culturing in unsterilized effluent was done to
evaluate effect of inherent predators and pests on the growth of Monoraphidium sp. Dek19. The
effect of sterilization was either negative or non-existent in all treatments. Unsterilized cultures
showed higher specific growth rates and in some cases, carrying capacity.
Indole-3-Acetic Acid
1L batch cultures of Monoraphidium sp. Dek19 were grown in final effluent wastewater
with increasing concentrations of indole-3-acetic acid (IAA). Growth conditions were 10 °C and
~80 μmol photons ∙m-2 ∙s-1 on a 14:10 day:night cycle. IAA is a common, well-known auxin
hormone that has been the subject of innumerous studies. IAA acts as a gene regulator with
specific uptake pathways usually affecting cell elongation and/or cell division. As IAA acts on a
micro-molar scale to produce these effects, its use in the alteration of microalgae cell division
was investigated. No significant difference in cell density or specific growth rate was found at
any concentration of IAA (0-100 μM). The only noticeable trend was a reduction in growth in
the 100 μM treatments though this may simply be error from culturing conditions.
Previous publications have shown a positive effect of IAA (El Arroussi et al., 2015; Stirk
et al., 2014) and various other plant hormones on microalgae growth (Jacobs et al., 1985; Jusoh
et al., 2015). Lu and Xu (2015) prove an overview of the evidence for various phytohormones in
microalgae including auxins, ethylene, abscisic acid, cytokinin, and gibberellic acid. Future
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research on hormone sensitivity in Monoraphidium sp. Dek19 may attempt to use these
hormones.
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CONCLUSIONS
Analysis of Growth Conditions


If grown in final effluent waters at the DeKalb Sanitary District, Monoraphidium sp.
Dek19 will likely outcompete other native green microalgae between 11.02 (10 °C cut
off) and 51.79% (15 °C cut off) of the year, centered on mid-January. Specific growth
rates during this time should be approximately 0.08*106 cells∙mL-1∙hr-1.

Effects of Salt Stress


Monoraphidium sp. Dek19 maintains its phycoremediation capacity in wastewater with
salinity ranges relevant to the Midwest. No reduction in specific growth rate, carrying
capacity, or nitrate sequestration rates were seen up to 3 ppt NaCl.



Salt stress increases lipid concentration in Monoraphidium sp. Dek19 at a relatively low
range of salinity when compared to marine species. Cells grown in wastewater with high
salinity produce significantly more fluorescence when stained with a lipophilic dye.



Monoraphidium sp. Dek19 grown under salt stress increase the pigment concentration per
cell though the ratio of chlorophyll a to b remains constant.



Luxury uptake of phosphate in Monoraphidium sp. Dek19 is affected by wastewater
salinity with binding by phosphate transporters seemingly inhibited by the presence of
excess Na+, though further research is needed.

Effect of indole-3-acetic acid
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Monoraphidium sp. Dek19 does not appear to be affected by the presence of the
phytohormone indole-3-acetic acid. This may be because it simply lacks the necessary
uptake pathway.

Phycoremediation


Depleted Monoraphidium sp. Dek19 exhibits “luxury uptake” of nitrogen and phosphorus
at rates above those seen in replete cells. This difference may be a useful tool for the
rapid removal of contaminants from wastewaters.



Monoraphidium sp. Dek19 is will continue “luxury uptake” of nitrate in culturing
conditions that are not conducive to proliferation. This effect is observed even in cultures
experiencing loss in cell density at high salinity.



Monoraphidium sp. Dek19 can grow and uptake nutrients in activated sludge, postprimary, and final effluent wastewaters. This conclusion is inferred from proliferation
and was not measured directly.

Lipid accumulation


Lipid content and fatty acid profile of Monoraphidium sp. Dek19 changes over the course
of growth and with culturing conditions. This is consistent with previous research on the
species.

Monoraphidium at Large Scale


Growth of Monoraphidium sp. Dek19 in 380 L polyethylene tanks is possible however
carrying capacity is diminished compared to open pool designs. The increase in cell
density does indicate partial or complete sequestration of nitrogen and phosphorus.

114



Given high initial population density, Monoraphidium sp. Dek19 grown at large scale at
warmer temperatures (~22-25 °C) will remain the dominant microalga in suspension.

Growth in other wastewater sources


Monoraphidium sp. Dek19 grown in activated sludge can maintain and increase in cell
density despite high dissolved and suspended organic solids. This is in part a function of
experimental design which allowed light penetration to a majority of culture vessels.



Monoraphidium sp. Dek19 are seemingly not palatable to the predators found in activated
sludge. Observation of zooplankton naturally populating algal cultures indicated few to
none were feeding on Monoraphidium, and often rejected this alga in favor of foraging
on other particles.
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